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Abstract 
 
At present, the design of the International Thermonuclear Experimental Reactor (ITER) project 
involves a superconducting magnet system that is based on NbTi and Nb3Sn. The system consists 
of 18 Nb3Sn Toroidal Field (TF) Coils, a 6 module Nb3Sn Central Solenoid (CS), 6 NbTi Poloidal 
Field (PF) Coils, and 9 NbTi pairs of Correction Coils (CCS). In the current ITER plan, 112 
tonnes of Nb3Sn superconducting magnets will be used. Despite outstanding high magnetic field 
properties, the current superconductor solution, Nb3Sn, is not ideal and has several drawbacks. 
First and foremost, Nb based superconductors must be cooled down to 4 K using very expensive 
and not-readily-available liquid helium. The world shortage of helium supplies is an inherent issue, 
as helium resources are limited and recovery following use is unsustainable and unreliable. 
Secondly, if the 10 mSv/h requirement for the remote handling of recycling, set by ITER, is to be 
satisfied, there will be an impact on the maintenance and radioactive waste treatment schedules. 
Therefore, it is critical to consider the radio activation of components such as superconducting 
magnets over time within the fusion reactor from the viewpoints of radiological and environmental 
pollution. This implies that thicker shielding is necessary in front of the Nb based superconducting 
magnets if long-term operation is considered. Therefore, it is essential that all of the components 
within the fusion reactor should be composed of low-activation materials. Lastly, a practical test 
using the SULTAN facility (PSI, Switzerland) on Nb3Sn based cables demonstrated that they have 
limited reliability. In this test, the deterioration of superconducting properties was observed at 
magnetic field/ current cycling that was 10 times lower than the required target, and there was 
mechanical degradation. Mechanical degradation has been proved to be the reason why the 
mechanical properties need to be improved. Therefore, alternative solutions for decreasing these 
drawbacks are in demand. 
The aim of this thesis was to study and demonstrate the possibility of using Mg11B2 
superconducting material for fusion reactor application because of its ideal properties. MgB2 has a 
higher critical temperature (Tc = 39 K), which means that the cryogenic system does not 
necessarily require a cryogenic agent. Indeed, MgB2 superconductors have acceptable 
performance at a temperature as high as 20 K, while the conventional superconductors require 4.2 
K. It has a simple binary crystal structure, is a chemically stable compound, and has a relatively 
low manufacturing cost and lower specific gravity. In terms of the boron precursor, natural boron 
has the following isotopic ratio: 19.78wt% boron-10 (10B) and 80.22wt% boron-11 (11B), and it is 
used as a neutron absorption material. 10B is easily transformed to 7Li and He by the (n, α) reaction 
(10B + n → 7Li +He (gas)), which results in reduction of the MgB2 volume fraction. Unlike 10B, 
11B does not react with neutrons and is stable in the neutron irradiation environment. Thus, if the 
11B based precursor is used instead of natural boron, MgB2 has a low-activation property, and it 
will be the most suitable superconducting material for the radioactive environment.  
In this thesis, the in-situ powder-in-tube (PIT) process using 11B isotope powder as the boron 
precursor is introduced, and we believe that it is the best fabrication method for forming low-
activation MgB2 superconducting wire for fusion reactor application. Because the critical current 
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performance of the 11B based MgB2 (Mg11B2) is still low, attempts must be made to overcome and 
investigate the mechanism responsible to improve its current carrying capability. For the best 
superconducting properties, the fabrication procedure was modified by using cold high pressure 
densification (CHPD) combined with hot isostatic pressing (HIP), and doping with carbon. The 
results showed that the densification technique should represent a promising alternative innovative 
manufacturing method for industrial production of practical MgB2 wires with outstanding critical 
current density, Jc. Glycine-doped Mg11B2 bulk superconductor was synthesized from isotopic 11B 
powder to enhance the high field properties compared with natural boron based MgB2 
superconductor. Indeed, the evolution of the microstructure and corresponding superconducting 
properties were systematically investigated by controlling the manufacturing conditions. 
Furthermore, the critical issue related to the residual stress in the Mg11B2 wire has been studied in 
this thesis. This is because the behavior of the residual stress/ strain would be expected to affect 
the mechanical properties and have a detrimental effect on the critical current in the 
superconducting wire, along with the construction and manufacturing conditions of the 
superconducting magnet. Thus, the neutron diffraction analysis method was introduced, and we 
examined the residual stress in the Mg11B2 wire.  
In summary, we have performed both experimental and analytical studies to understand the 
stress/strain behavior and the related mechanical properties that are correlated with 
superconducting properties to anticipate future unwanted damage to the Mg11B2 superconducting 
wire. We believe that this thesis work can contribute to the enhancement of our fundamental 
knowledge of the residual stress in superconducting wire and the links among the stress, the 
microcracks, and the superconducting properties deterioration in one unifying micromechanical 
mechanism. 
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Chapter 1 
Introduction 
 
1.1. General Overview 
 
The superconductor has played a significant role in the development of efficient power 
transmission technology [1], alternative energy resources [2] and magnetic resonance imaging 
(MRI) [3]. For reliable design of long distance transmission, nuclear fusion power generators, and 
liquid-helium-free cooling systems, superconductors always have called for a deep understanding 
of the cost, performance, engineering, and cryogenics, all indispensable. Therefore, it has become 
important to discover new reliable superconducting materials. At the same time, the development 
of advanced cryogenic techniques is necessary to make the next-generation superconducting 
magnet [4]. Currently, magnesium diboride (MgB2) has become one of the most promising 
superconducting materials because of its several advantages. It has a simple crystal structure [5], 
reasonable mechanical properties [6], moderately high superconducting critical temperature (Tc) 
[7] and a potentially high upper critical field [8]. In addition, from the cost-effectiveness point of 
view, MgB2 has low cost [9] and low weight compared with other superconducting materials [10]. 
Therefore, it goes without saying that MgB2 is able to make use of new liquid-helium-free 
cryogenic apparatus in applications such as MRI and kilometer- scale power lines for transmission 
without power dissipation.  
For the next-generation fusion reactor, MgB2 that is fabricated using the boron isotope 11B, instead 
of the neutron absorbing isotope 10B, has also been considered the most promising material [11]. 
The present design of the International Thermonuclear Experimental Reactor (ITER) involves a 
magnet system that is based on Nb3Sn or Nb-Ti [12]. In the case of Nb3Sn, it must be cooled down 
to 4 K and produces abundant radioactive waste [13]. On the other hand, Mg11B2 has lower 
induced radioactivity, a higher critical temperature (40 K), and reliable properties for low to mid 
field magnets operating at temperatures as high as 20 K [13, 15]. 
As mentioned above, the MgB2 superconducting material allows us to develop advanced power 
transmission, magnetic resonance imaging, cooling equipment, and nuclear fusion power 
generators. Based on those application areas, most of my research has been focused on the 
fabrication and characterization of MgB2 superconductor by using the boron isotopes 10B and 11B.  
 
1.2. Superconductivity 
 
1.2.1. Superconducting Theory 
 
A superconductor is a material, metallic alloy, or compound that will conduct electricity or 
transport electrons without resistance below a critical temperature. Electrical resistance is an 
undesirable factor because it gives rise to losses in the energy flowing through the material. 
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Scientists refer to superconductivity as a macroscopic quantum phenomenon [16]. In 1911, 
superconductivity was first discovered in mercury by Heike Kamerlingh Onnes, a Dutch physicist. 
When he cooled it down to the temperature of liquid helium, 4 degrees Kelvin (-452 °F, -269 °C), 
its resistance disappeared. The Kelvin scale represents an "absolute" scale of temperature [17]. 
Thus, it was necessary for Onnes to come within 4 degrees of the coldest temperature that is 
theoretically attainable to witness the phenomenon of superconductivity. Later, in 1913, he won a 
Nobel Prize in physics for his research in this area [18]. 
 
1.2.2. The Critical Surface of Superconductor 
 
Excluding temperature (T), superconductivity is also influenced by the electric current density (J) 
inside the superconductor and the surrounding magnetic field (H). In other words, the critical 
magnetic field (Hc) and the critical current density (Jc) are also two significant factors used to 
evaluate the performance of a superconducting material. In the superconducting material, a three-
dimensional (3-D) dome-shaped surface, known as “the critical surface”, can be drawn as a 
function of the three parameters (T, H, J) on three axes. As shown in Figure 1-1, the material will 
have superconductivity as long as it stays within the 3-D (T, J, and H) volume. 
 
 
 
Figure 1-1. The ideal critical surface of a superconductor [19]. 
 
1.2.3. Meissner Effect 
 
The Meissner effect is a phenomenon in which a magnetic field penetrating the inside of a 
superconducting material is pushed out to the outside as the material makes a transition to the 
superconducting state. In the superconducting state, magnetic fields cannot penetrate into the 
material [20]. This is related to the complete diamagnetism of a superconductor, and it is one of 
the distinguishing characteristics of a superconductor. Since the discovery of superconductors by 
the Dutch scientist Onnes in 1911, more than two decades later, in 1931, this phenomenon was 
discovered by the German physicist Walter Meissner [21]. 
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Figure 1-2. Diagram of the Meissner effect [21]. 
 
When a magnetic field is applied to a material having an electrical resistance of zero, a shielding 
current is induced by Lenz's law. This shielding current flows on the material surface. The 
magnetic field is the same size as the magnetic field that is applied, but it points in the opposite 
direction to cancel the applied magnetic field, so it cannot penetrate inside the original magnetic 
field lines, as shown in Figure 1-2 [21]. The superconductor also satisfies this phenomenon 
because the electric resistance is zero. That is, the magnetic flux permeating the inside of the 
material having electrical resistance of 0 is preserved, even if an external magnetic field is applied. 
However, the Meissner effect found in 1931 showed that the magnetic flux inside the 
superconductor was not simply conserved to a constant value, but was kept at zero [22]. When a 
material makes a transition to the superconducting state, any existing magnetic field lines are 
expelled, unlike the perfect diamagnetism case, and if any magnetic field smaller than the critical 
magnetic field is applied from the outside, the superconductor pushes all of it out, and there is no 
magnetic flux to penetrate. The difference between a state where the electric resistance is simply 0 
and a superconductor having a Meissner effect appears here [23].  
 
1.2.4. London Penetration Depth (λL) 
 
Deriving the equation for magnetic flux density B by London's equation gives ∇2B = B/λL2 [24]. 
However, ∇2 is a differential computation with respect to the position coordinates and is called the 
Laplacian. λL is an integer peculiar to the superconductor. In order to simplify the explanation, the 
following equation can be obtained by solving one-dimensional equations. 
 
𝜕𝜕2𝐵𝐵
𝜕𝜕𝑥𝑥2
=
𝐵𝐵
𝜆𝜆𝐿𝐿2
 (1.1) 
 
Assume that there is a superconductor at x > 0, where x < 0 is the vacuum and that a magnetic flux 
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density B0 exists. In this case, the above equation can be solved simply, and B = B0exp (-x / λL). 
This equation shows that the magnetic flux density decreases exponentially in the superconductor 
as shown in the figure. λL is called the London penetration depth. At the distance λL, the magnetic 
flux density becomes 1/e of the value in vacuum (e = 2.718) [25]. The form of λL, London 
Penetration Depth was symbolized as following equation (1.2). 
 
𝜆𝜆𝐿𝐿 = �
𝑚𝑚
𝜇𝜇0𝑛𝑛𝑛𝑛2
 (1.2) 
 
Where m, n, and q stand for the mass, number density and charge of charge carriers, respectively. 
It can be seen that λL depends on the total number of electrons in the superconductor, but is usually 
about 10-8m (1 / 100,000th of a millimeter), and the magnetic flux density hardly penetrates into 
the superconductor [25]. That is, it shows the Meissner effect. Since the dimensions of a normal 
superconductor are much longer than both the length and the length of the penetration distance, 
the presence of the penetration layer is virtually negligible by design. 
 
1.2.5. Coherence Length (ξ) with Type I & Type II superconductors 
 
The coherence length (ξ) means both the characteristic Cooper pair size in the superconductor and 
the length of the fluctuation of the wave function of the electron. In addition, the term coherence is 
used to describe the pattern in which a group is exercising in union as a whole, even though the 
individual movements are slightly different in time, as in a regular wave [26]. Electrons in 
superconductors, superfluid helium, and laser light are all in various forms of motion of this type. 
There are two types of coherence length used in superconductivity. One of them is called the path 
of coherence of Pippard, which is often represented by the symbol ξ0 [27]. In a superconductor, 
two electrons have a correlation and form a number of bound electron pairs (Cooper pairs) with 
the same momentum. Furthermore, each Cooper pair will spread in order to maintain the distance 
between the two electrons, which is called the coherence length. In short, if one electron is found 
at a certain point, then the other electron paired with it is highly likely to be found in a sphere of 
radius ξ0 centered at this point. ξ is a measure of the spatial variation of the wave function with 
respect to superconducting electrons. and describes the structure of the middle portion between the 
superconducting region and superconducting region in contact with each other and ξ depends on 
the temperature T as shown in Equation (1.3). 
 
ξ = 0.74𝜉𝜉0 �1 −
𝑇𝑇
𝑇𝑇𝐶𝐶
�
−12
 (1. 3) 
 
Where Tc is the critical temperature, ξ is close to ξ0 at absolute zero, but it becomes longer as the 
temperature rises. A longer ξ means weaker superconductivity [28]. 
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Superconductors can be classified into Type I and Type II depending on their properties. Type I 
superconductor has superconducting transition that occurs instantaneously, and a Type II 
superconductivity is a superconductor with a gradual transition to superconductivity. The 
distinction between Type I and Type II can be explained by the ratio of the penetration depth to the 
coherence length, with ξ and λ, which are based on the Landau theory. The penetration depth 
divided by the coherence length is called the Ginzburg-Landau coefficient (κ = λ/ξ), and it is 
usually used to distinguish the superconductor Type. Type I superconductors are those with 0 < κ 
< 2(-1/2), and Type II superconductors are those with κ > 2(-1/2) [29, 30]. 
 
1.2.6. Bardeen-Cooper-Schrieffer (BCS) Theory 
 
The Barden-Cooper-Schrieffer (BCS) theory is the theory that first explained the superconducting 
phenomenon as a microscopic process. The Bardeen, Cooper, and Schrieffer (1956) theory was 
named after John Bardeen, Leon Cooper, and John Robert Schrieffer of the University of Illinois 
in the United States, who devised it in 1957 [31]. The BCS theory explains the phenomenon of 
superconductivity, that suddenly the resistance becomes zero when a certain type of conducting 
material approaches zero degrees of absolute temperature. The three scientists won the 1972 
Nobel Prize for Physics for their work on BCS theory [32]. In order to realize the superconducting 
state, the electromagnetic field must be in a coherent state. The electrons in the material are 
charged, however, and there is always a resistance between two electrons because they repel each 
other. The basis of the BCS theory is that the Cooper pairs of electrons in the superconductor are 
bosons and draw together to form a condensate. This phenomenon of the superconducting state is 
called the electron-phonon interaction because of the coupling of electrons to the vibrating crystal 
lattice (phonons) and occurs below the critical temperature (Tc) of the superconductor [33]. That is, 
when a negatively charged electron passes, a positively charged cation is attracted in the electron 
direction and moves in that direction. Since the mass of the cation is much heavier than that of the 
electron, the cation continues to move in the same direction, and the electrons are continuously 
attracted to the cation direction, so that one electron is apparently attracted to another electron. 
The BCS theory attempts to explain the mechanism of superconducting states by providing an 
explanation, that electrons present in a solid can overcome electron repulsion through the phonons 
and attract each other. 
 
1.3. MgB2 Superconductor 
 
1.3.1. Crystal Structure 
 
As an AlB2 type crystal, MgB2 has a hexagonal crystal structure with lattice parameters a = 3.08 Å 
and c = 3.51 Å (P6/mmm space group), which is common among the diborides [34]. The crystal 
structure is described in Figure 1-3. The boron atoms form graphite like honeycomb network and 
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the Mg atoms are located at the pores of these hexagons. Each magnesium atom located at the 
centre of a hexagon formed by boron donates an electron to the boron planes. Thus the B-B 
bonding is strongly anisotropic [35]. This structure has peculiar two-dimensional (2D) honeycomb 
layers formed by boron atoms. Those graphite-like boron layers are sandwiched by the triangular 
metal layers as shown in Figure 1-3. Each magnesium atom is at the center of a hexagonal prism 
of boron atoms at a distance of 2.5 Å. Each boron atom is surrounded by three other boron atoms, 
forming an equilateral triangle at a distance of a/√3 ∼ 1.78 Å, and the Mg-Mg distance in the 
plane is same as the lattice constant a [36]. Because the lattice constants a and c in the AlB2-type 
structure are in the range of 3.0–3.2 Å and 3.0–4.0 Å, MgB2 has the middle lattice constants 
among this type of structure [37]. 
 
 
 
Figure 1-3. The structure of MgB2 containing graphite-type B layers separated by hexagonal 
close-packed layers of Mg [38].  
 
1.3.2. Superconducting Properties in MgB2 
 
Among the BCS based or intermetallic compound superconductors, MgB2 exhibits the highest 
critical temperature of Tc = 39 K [39]. The high transition temperature aroused great interest in this 
material, and the superconductivity of MgB2 has been extensively studied [40, 41]. MgB2 has each 
of its elements aligned in two-dimensional planes, and the material is therefore expected to have 
two-dimensional superconductivity as a result of its crystalline structure. In conventional 
superconductors, the electron-phonon interaction creates Cooper pairs of approximately equal pair 
strength, distributed evenly over the band. The 2D σ band on the boron layer is responsible for the 
superconductivity [42, 43]. The high Tc value and the application temperature of MgB2 (around 25 
K) can be achieved by using various cooling methods such as refrigerators, liquid H2, and even a 
novel solid N2 cooling system [44]. Thus, the general cryogen liquid He, which is extremely 
expensive, can be easily replaced. Indeed, compared to the strong anisotropy, as high as 5 – 7, of a 
high temperature superconductor (HTS) such as YBa2Cu3O7-y, the anisotropy of MgB2, as low as 
1.5 − 5 is considered to be another advantage in practical applications [45]. For example, MgB2 
enables a more simplified manufacturing procedure than in the case of HTS materials. In addition, 
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it has a large coherence length, so that the weak-link problem, which is considered as the foremost 
factor in fabrication of HTS, is no longer crucial in MgB2 [46]. As a result of using boron and 
magnesium as precursors, low cost is another advantage that promotes the economic development 
of MgB2 conductors. Numerous fields of applications including strong current and weak current 
ones are expected to utilize MgB2 superconductors as the primary material, such as magnetic 
resonance imaging (MRI), transformers, generators, flywheel energy storage, and superconducting 
quantum interference devices (SQUIDs) [47, 48]. 
 
1.3.3. Fabrication of the MgB2 Superconductor 
 
1.3.3.1. Powder-In-Tube (PIT) Technique 
 
The powder-in-tube (PIT) technique is a standard method for manufacturing superconducting 
wires, especially for long-length wires [48, 49]. In this method, the first step is filling a suitable 
tube with Mg + B powder, which is the precursor of the boron and Mg. Then the entire tube is 
drawn or rolled into a wire or tape with the designed size and shape. The final step is heat-
treatment in order to form the MgB2 phase from the mixed boron and Mg precursors. The PIT 
MgB2 wire manufacturing method can be divided into two routes. In an in-situ method as the first 
sort of PIT method, stoichiometric Mg and B powders are used as precursors and filled into a 
metallic tube (Cu, Nb, Ag, Ti, Fe, stainless steel, Monel alloy, etc.). In the case of ex-situ method, 
instead of un-reacted Mg and B powder, already formed MgB2 powder is used as the filling 
powder. In this work, in-situ was chosen as the type of route. 
 
1.3.3.2. Internal-Magnesium-Diffusion (IMD) Method 
 
The existence of unwanted high porosity caused by the PIT technique is known to be one of the 
most detrimental factors in Jc performance in MgB2 superconductors. The phenomenon is almost 
unavoidable in fabricating MgB2 wires by using the PIT method [50]. In order to overcome the 
weakness of the PIT method, an innovative method called the internal Mg diffusion (IMD) 
technique was invented [51]. The IMD technique is a variant of the in situ PIT technique for MgB2 
conductor fabrication. In the IMD process, an Mg rod is embedded axially in a tube filled with B, 
which is then followed by wire drawing and heat treatment [51]. Compared to the conventional in 
situ PIT process, which yields a system of randomly connected MgB2 fibres associated with 
copious porosity, an IMD process can produce a dense MgB2 layered structure with excellent 
longitudinal and transverse connectivity [52]. Through this process, porosity will be substantially 
avoided, and high transport properties can be achieved [53]. 
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1.4. Boron Isotope Based Superconductor for Fusion Application 
 
1.4.1. Critical Issues for use in Fusion Application 
 
The stable boron isotopes are classified by their nuclear mass, magnetic moment, and thermal 
neutrons capture cross-section. The relative atomic masses of 10B and 11B are equal to 10.012938 
and 11.009305 amu (with weighted mass of 10.811 amu for the boron natural isotope composition 
of approximately 19.9 % 10B + 80.1 % 11B) [54]. The nuclear-spin quantum numbers and nuclear 
magnetic moments (in nuclear magnetons) of 10B and 11B are equal to 3 and 3/2, and 1.8006 and 
2.6886, respectively [55]. According to the data on the neutron scattering lengths and cross-
sections of the elements and their isotopes, the total scattering cross-sections for 10B, 11B, and 
natural boron are equal to 3835, 3.10, and 5.77 barns, respectively [56, 57]. These meaningful 
differences among boron isotopes allow us to research and use boron isotope effects, such as in 
isotopic elemental boron structural modifications and its chemical compounds [58].  
 
 
(a)                                                    (b) 
 
Figure 1-4. Neutron cross-section of boron isotopes: (a) 10B and (b) 11B [59]. 
 
Commercial natural boron powder consists of two types of isotopes, boron-10 (10B; 18.98 %) and 
boron-11 (11B; 81.02 %) [60-62]. 10B isotope powder (bulk) is usually used as a neutron absorber 
in nuclear power plants, such as for radiation shields and control rods. (10B has a large neutron 
absorption cross-section.) The stable isotopes of boron 10B and 11B differ by the addition of a 
single neutron in the 1p3/2 shell in the nucleus. The neutron capture cross-section and ability to 
capture neutrons of 10B strongly surpass those of 11B. The classical Mayer–Jensen shell model 
dynamics did not offers explanation as to how the presence / absence of a single neutron in the 
1p3/2 shell could result in such large difference in the neutron cross-section between these two 
stable isotopes [63-65]. The Brightsen nucleon cluster model, however, explained the large cross-
section for 10B compared with the small cross-section for 11B as resulting from cluster dynamics, 
besides the complete balance of total spin dynamics, in particular, from the presence / absence of 
the 3He cluster [66]. And also, 10B is easy to transform to 7Li and He by the (n, α) reaction. (10B + 
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n → 7Li + 4He + 2.74 MeV). For these reason, 10B cannot guarantee the stability of the MgB2 
superconducting magnet [67-71]. The 11B is stable under neutron irradiation, being without the (n, 
α) reaction, and can reduce nuclear heating. (2.58 → 0.13 W/cm3), so that 11B isotope precursor is 
a desirable material as the boron source for low activation MgB2 wire [72-77]. From the practical 
application point of view, by replacing 10B with the isotope 11B or 11B enriched boron precursor, 
Mg11B2 superconducting wires will be much more stable in a neutron irradiation environment due 
to the smaller neutron capture cross-section of 11B. 
 
1.4.2. Introduction of Boron 
 
Boron, the fifth element of the periodic table, was discovered as an element in 1808 and 
manufactured as a pure material from 1909 [78]. Generally, pure boron does not exist naturally 
because of its chemical reactivity, and it has a variety of unusual compounds [78, 79]. Overall, 
boron element still remains an attractive element in worldwide scientific interest due to its peculiar 
properties, such as its unexplained thermodynamic stability, [80-82] pressure induced 
metallization and superconductivity [83-87], unique chemical bonds [88-89], and other properties 
useful in technical applications. Boron has a great diversity of allotropes, 16 in total [90]. Among 
the elemental boron allotropes, only α- and β-rhombohedral (α-B12 and β-B105), and γ-
orthorhombic boron (γ-B) have been currently established as pure phases and confirmed to be 
thermodynamically stable [91-93], although the stability of α- rhombohedral boron and β-
rhombohedral boron under ambient conditions still remains a controversial issue.  
 
 
 
Figure 1-5. Phase diagram of elemental boron published in recent reports. These reports yield a 
consistent energy ordering of the different phases [94]. 
 
According to Fig. 1-5, liquid boron is transformed to the β-rhombohedral phase, while α-
rhombohedral boron is solidified and crystallized from a variety of metallic solvents. Heating the 
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α-rhombohedral boron at ambient pressure to a temperature above 1200°C causes it to slowly 
transform to β-rhombohedral boron [94]. This means that β-rhombohedral boron is a stable phase 
at high temperature, while α-rhombohedral boron is a metastable phase under ambient conditions, 
even though it has a highly ordered structure [94]. 
Representative allotropes of solid elemental boron, α-rhombohedral boron (α-B12), and β-
rhombohedral boron (β-B105), have unusual structures and are shown in Fig. 1-6. β-B105 boron has 
an exceptionally complex structure, with more than 300 atoms per hexagonal unit cell, which 
consists of B12 clusters (icosahedra), B28 clusters (three face-sharing icosahedra), a single atomic 
site connecting two B28 clusters, and a number of partially occupied interstitial sites, which can be 
involved in phase transitions from β- rhombohedral boron to other phases [95-99]. 
 
 
 
Figure 1-6. Structures of (a) α-B12 and (b) β-B105. The largest balls represent the B12 icosahedra 
 
 
1.5. Neutron Analysis 
 
1.5.1. Current Issue in Fusion Reactor 
 
1.5.1.1. Introduction of ITER 
(International Thermonuclear Experimental Reactor Project) 
 
The International Thermonuclear Experimental Reactor Project (ITER) is a massive international 
collaborative project to verify the technological and scientific feasibility of using energy 
originating from the fusion reaction, which is similar to the principle of solar energy generation 
[100, 101]. Since the late 1980s, with the support of the International Atomic Energy Agency 
(IAEA), the Fusion Energy Research Project has been underway as a joint project between Korea, 
the United States, the European Union, Japan, Russia, China, and India, with a total project cost of 
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approximately €15-billion (US$21-billion) [102-104]. Participating countries share the 
technological results derived from the research and development, and own the relevant intellectual 
property rights. 
 
 
Figure 1-7. Schematic diagrams of the superconducting magnets in ITER: (a) Toroidal field (TF) 
coils; 18 D shaped toroidal field magnets are installed around the vacuum vessel; TF coils are 
designed to produce 41 gigajoules (GJ) and a maximum magnetic field of 11.8 tesla (T). (b) 
Poloidal field coil; Six ring-shaped poloidal field coils are placed outside of the toroidal field 
magnet structure to control the stability of the plasma. These are designed to produce a total 
magnetic energy of 4 gigajoules (GJ) and a maximum magnetic field of 6 tesla (T). (c) Central 
solenoid coil. (d) Correction coils; Eighteen superconducting coils are inserted between the 
toroidal and poloidal field coils for the correction of errors caused by geometrical deviations 
during the manufacturing and assembly processes [105]. 
 
The nuclear fusion experiment project, ITER, is being conducted internationally by participating 
scientists and engineers. In this project, they will demonstrate the process of generating energy 
from the fusion reaction between deuterium (D) and tritium (T) in a plasma using a nuclear fusion 
device called the Tokamak magnet [105, 106]. There are three conditions that should be satisfied 
to achieve a fusion reaction on the laboratory scale: an extremely high temperature (over 150 
million K), sufficient plasma particle density, and adequate holding time for the plasma formation 
[107, 108]. Not only are these three essential conditions, but advanced devices are also needed to 
control the ultra-high-temperature plasma for the fusion reaction. 
  
(a) (b) 
 
 
(c) (d) 
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From the practical point of view, a tokamak device is considered the best instrument for 
controlling the plasma. (See Fig. 1-7.) The main idea of the design is to trap electrons and ions in a 
plasma along a magnetic force line and send them in opposite directions with spiral shaped paths. 
Provided that the magnetic field lines flow continuously in the device, the electrons and ions will 
continue to circulate in the device long enough. There are several magnetic systems to realise 
effective and stable plasma trapping. The primary magnetic system for plasma confinement is the 
toroidal field (TF) coils that are installed around the doughnut-shaped plasma chamber (vacuum 
vessel) and create the toroidal magnetic field [109, 110]. Since the magnetic field generated by 
this coil is unstable and discontinuous in the device and varies with distance, however, the 
electrons and ions are separated from each other and come out. To counteract this, a current, based 
on Faraday's law, will be flowing in the plasma in the tokamak device [111]. Thus, the solenoid is 
installed inside the doughnut to change the magnetic field and to make the current flow through 
the plasma [112]. In this manner, the electrons and ions do not escape to the outside and stay 
inside the device. Furthermore, poloidal field (PF) coils must be installed on the outside of the 
device so as to control the shape of the magnetic force lines and the position for the operation of 
the tokamak [113, 114].  
 
1.5.1.2. The Critical Issue in Superconducting Cable and the Solution 
      
The superconducting magnets in the ITER are exposed to detrimental circumstances during 
operation that can cause degradation of the superconducting cables. For ITER, this issue has been 
considered critical for the overall success of the project. As mentioned in the prior section, the 
ITER is the most expensive worldwide project, but this issue has threatened it.  
In general, the stress in the superconducting magnets for the fusion reactor originates from several 
reasons: the fabrication conditions, winding tension, temperature variations, such as thermal 
contraction during cooldown to the critical temperature, and the magnetic field in itself [115]. For 
example, over the expected lifetime of the cables, they are intended to withstand 60,000 
current/temperature cycles, and a specially designed facility and test programme, SULTAN [116], 
was developed to experimentally assess the performance of the cables and their possible 
degradation. 
In addition, the cables (see Fig. 1-7 and Fig. 1-8) are exposed to 60,000 current pulses with a 
temperature of more than 150 million K when the fusion reactor is in operational mode, and it 
must withstand these harsh conditions without any trouble [118-120]. Thus, the superconducting 
cables are easily damaged during the manufacturing process and operation in the fusion reactor. 
Recently, scientists and engineers have tried to the test the superconducting cables to scrutinize 
any significant damage and predict possible future damage. In this research, the neutron analysis 
technique was used to examine superconducting cables of the central solenoid coil in ITER [121]. 
After this research was finished, the participants insisted that this research will be continued until 
they get successful results in the cable tests [122].  
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Figure 1-8. Jacketed cable in ITER's toroidal field coil, consisting of superconducting and non-
conducting strands around a central channel for helium [117]. 
 
The neutron analysis method has several merits, such as its high penetration, non-destructive 
character, speed, and low labour intensity compared with conventional destructive methods (hole 
drilling, X-ray diffraction with material removal). Not only that, this method is a direct (simple 
stress recalculation), non-contact method, so that it can be used to measure stress in special 
environments typical of those experienced in-service (high, low, or cryogenic temperatures, and 
phase sensitivity) [123]. Thus, the neutron analysis method is and will remain the most promising 
technique for the estimation of existing and possible future damage to the superconducting cables. 
The experience obtained in the neutron diffraction studies on the ITER Nb3Sn-based 
superconducting cables and strands can be easily extended and extrapolated to the research on 
other superconducting strands and wires. 
Not only that, the neutron analysis method has several merits because it is a high penetration, non-
destructive, faster, and less labour intensive method than the conventional destructive methods 
(hole drilling, X-ray diffraction with material removal). As a direct (simple stress recalculation), 
non-contact method, it can be used to measure stress in special environments typical of those 
experienced in-service (high temperature), and where there is phase sensitivity [124]. Thus, the 
neutron analysis method is the most promising technique for the estimation of existing and 
possible future damage to the superconducting cable. 
 
1.5.2. Neutron Diffraction 
 
1.5.2.1. Introduction and History of the Neutron 
 
The discovery of the neutron began in the 1920s and 1930s at a time when physicists were 
embracing an atomic model in which atomic nuclei were made up of protons and electrons. In 
1920, Ernest Rutherford assumed that possibility that neutrons exist. Rutherford thought that the 
atomic number and atomic mass difference of an atom could be explained by neutrally charged 
particles located in the nucleus. He regarded neutrons as 'the simultaneous presence of electrons 
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and protons' [125]. At that time, physicists were embracing models in which atomic nuclei were 
made up of protons and electrons. Rutherford assumed that if all of the nuclei were made up only 
of protons then the atoms would have double the charge. This was considered as evidence for the 
presence of "nuclear electrons" which cancel out the charge of the proton. Nitrogen-14 was 
believed to be composed of 14 protons and 7 electrons, thus having a charge of +7 and an atomic 
weight of 14 (which turns out to be a wrong model in modern times) [126-129]. In quantum 
mechanics, it is said that light particles, such as electrons, cannot be located in the narrow space of 
an atomic nucleus with some energy. In 1930, the Soviet physicists Viktor Ambartsumian and 
Dmitri Ivanenko discovered that nuclei could not be made up of protons and electrons. Finally, 
they proved that there must be some neutral particles next to protons, even though that was 
contrary to common sense in those days [129, 130]. 
In 1931, Walter Botte and Herbert Becker made the following discoveries in Germany: When 
high-energy alpha (α) particles strike light materials, such as beryllium, boron, and lithium, this 
usually results in unusual sagittal radiation. At first, this radiation was considered to be gamma (γ) 
rays, but it was different from any other gamma (γ) rays, and experiments with the radiation as 
gamma (γ) rays could not correctly interpret the results of the experiment [131, 132]. In 1932, 
Irene Joliot Curie and her husband Frédéric Joliot Curie made essential contributions to this area 
in Paris. When radiation strikes paraffin or other hydrogen-containing compounds, protons with 
very high energies are emitted. In the same year, James Chadwick conducted a series of 
experiments demonstrating that the gamma ( γ ) ray assumption was wrong at Cambridge 
University. He found that this radiation had only a small amount of the charge and that the 
particles responsible had a mass about the same as that of the proton. This particle was called the 
neutron, and its name is the combination of neutral from Latin and the Greek suffix -on [133, 134]. 
A neutron is a nucleon slightly heavier than a proton, with no charge in the nucleus [133]. It 
consists of an upper quark and two lower quarks. Moreover, it is unstable in the free state and has 
a half-life of 614 seconds (10 minutes 14 seconds) [133]. It will be in a stable state, however, if it 
is trapped inside a nucleus. The neutron is labelled by N, the neutron number, as a subatomic 
hadron [133]. The neutron also has no charge, and the mass is a little bigger than that of the proton. 
The atomic nuclei of other atoms except for the protium isotope of hydrogen are composed of both 
protons and neutrons [133]. The number of protons forming the nucleus is called the atomic 
number, which determines the type of element. Neutrons can be tied to neutrons through nuclear 
forces to form atomic nuclei. If the neutrons are bound, the nuclei still have the same charge. The 
bound neutron is stable (depending on the nuclide), whereas free neutrons are unstable. 
Specifically, free neutrons experience beta decay, and the average life span is around 881.5 
seconds [134]. Free neutrons are created in fission or fusion reactions. Neutron generators and 
research reactors are used as neutron sources for neutron generation, and fracture sources are used 
for irradiation and neutron scattering experiments. Even though free neutrons are not chemical 
elements, they are sometimes included in the nuclide table [135]. 
Apart from their applications in fundamental nuclear particle physics, neutron beams and neutron 
fluxes are used in such applications as neutron activation analysis, neutron tomography, neutron 
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diffraction, neutron small-angle scattering, neutron reflectometry, neutron spectroscopy, etc., to 
list a few. The focus of this work is neutron diffraction and, more specifically, neutron diffraction 
stress analysis and texture analysis. 
 
1.5.2.2. Neutron Sources 
 
Due to the specifics of neutron production and the properties of neutron radiation, which is highly 
penetrating and harmful to people, neutrons are notoriously difficult and expensive to produce. 
The facilities operating neutron sources must ensure radiation protection and safety procedures to 
prevent severe accidents during neutron production. Currently, two main types of neutron sources 
are widely accepted for producing thermal neutron beams: (1) nuclear fission (steady state) 
reactors and (2) neutron spallation (pulsed) sources. These are shown schematically in Fig. 1-9 
[136] and Fig. 1-10, [137] respectively. The major neutron sources and neutron facilities are listed 
in Table 1-1. [138]. 
Neutron research reactors are very different from nuclear power reactors despite having the same 
fission reaction principle. Neutron research reactors have a much smaller amount of radioactive 
materials (kilograms vs. tons in the power reactors), much lower power (tens of MW vs. several 
GW), and are optimised for higher neutron flux rather than heat generation. The majority of 
current research reactors were built in the 1960s and 1970s for the purpose of materials testing for 
the nuclear industry. Fewer reactors were designed to produce neutron beams to be used for 
neutron scattering research. An exemplary research reactor of this type, optimized for neutron 
scattering research, is the High-Flux Reactor (HFR) at the Institute Laue-Langevin (ILL), built in 
1972 in Grenoble, France [138]. Many other national-scale research reactors and facilities came 
into operation afterwards. Some of them are JRR-3 at the Japan Atomic Energy Agency (1990), 
HANARO at the Korea Atomic Energy Research Institute (1997), FRM-II in Munich, Germany 
(2004), the Open Pool Australian Lightweight (OPAL) reactor at the Australian Nuclear Science 
and Technology Organization (2007), and the China Advanced Research Reactor (CARR) in 
Beijing, China (2010) [138]. 
 
 
 
Figure 1-9. Photograph of ANSTO's Open Pool Australian Lightweight (OPAL) reactor [136]. 
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Figure 1-10. The ISIS facility (spallation source and instruments), located in Abingdon, UK [137]. 
 
Neutrons can also be produced by the spallation reaction (or so-called high-energy nuclear 
reaction).  
  
Once a solid target nucleus is struck by a bombarding particle that has energy over 50 MeV, it 
emits and ejects many light particles such as neutrons, protons, or various composite particles. 
This principle is used in the pulsed proton-beam-driven neutron sources, the spallation sources, 
that have been recently completed or are under construction. The list of such sources/facilities 
includes the Spallation Neutron Source (SNS) in the United States, the Japanese Spallation 
Neutron Source (JSNS) of the Japan Proton Accelerator Research Complex (J-PARC) project in 
Japan (2008), and the China Spallation Neutron Source (CSNS) in China [139-141]. 
 
 
28 
 
 
Table 1. Major thermal neutron beam sources [138]. 
 
 
 
Country Source Institution Location First operation Power, MW Thermal flux Sci Instruments Stress diffractometer 
Australia ANSTO Lucas Heights Lucas Heights 2007 20 4 13+ KOWARI 
France HFR ILL Grenoble 1972 60 12  SALSA 
Germany FRM-2 TUM Munich 2004 20 7 25+ STRESS-SPEC 
Japan JRR-3 JAEA Tokai 1962 20 2  RESA 
Korea HANARO KAERI Daejeon 1996 30 3  RSI 
USA HFIR ORNL Oak Ridge 1960 85 12 12+ HB-2B/NRSF2 
USA NBSR NIST Gaithersburg 1969 20 2 25+ BT8/RSD 
China CARR CIAE Beijing 2010 60 10 12+ RSD 
China CMRR INPC Mianyang 2000 20 2.4 8+ RSND 
Japan JSNS/J-PARC KEK/JAEA Tokai 2008   21 TAKUMI 
Russia IBR-2 JINR Dubna 1984   13+ FSD 
UK ISIS RAL Abington 1985   21+11 ENGIN-X 
USA SNS ORNL Oak Ridge 2006   20+ BL-7/VULCAN 
China CSNS IHEP, CAS Dongguan 2017   3 project 
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1.5.2.3. Residual Stress Measurements 
 
1.5.2.3.1. Definition 
 
The residual stress is called the remnant stress in the elastic body when the force is removed from 
the outside. Residual stresses are generated when the plastic deformation over the entire cross-
section of the deformed matrix is not uniform [142-145]. For instance, residual stresses mainly 
develop during manufacturing procedures, such as welding, hardening, casting, forging, and 
machining, and they remain in the final products as quantities of strain [146-149]. In the case 
where the matrix is in the equilibrium state, then the sum of all residual stresses is zero. On the 
other hand, compressive stress occurs in regions influenced by plastic deformation, and tensile 
stress appears in regions affected by elastic deformation when the cross-section of the matrix is in 
the equilibrium state [150, 151]. 
 
 
 
Figure 1-11. The types of residual stresses derived from misfits in the material. All illustrated 
stresses are classified by macrostress and microstress, including the processes indicated on the left, 
the misfits in the centre, and the resulting measurement stress patterns on the right [153]. 
 
Indeed, stress occurs not through differential thermomechanical treatment of the different parts, 
but through the differential thermomechanical impact on different phases, if the material is a 
composite. In this case, even though the product deformation is uniform over the cross-section, or 
the thermal load is uniform over volume, stress can be generated due to interaction of the matrix 
and reinforcements [152]. Thus, the residual stresses in the matrix are not convergent to zero. 
Admittedly, the origin of the residual stresses can also be explained by the shape misfit 
interactions between all components, which have different origins in the material, as shown in Fig. 
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1-11. [153]. 
For practical purpose, the residual stresses are classified into three types in accordance with the 
valid distance and length scale perspective, at which the stresses reach the equilibrium state [154]. 
The first type, type I, of residual stress, referred to as macroscopic residual stress, has an effective 
distance on the order of micrometres (μm) to centimetres (cm) across at least a plurality of crystal 
grains. The residual stresses generated by mechanical processing or heat treatment procedures are 
mostly considered macroscopic residual stresses. These stresses commonly appear in consequence 
of the macroscopic misfits due to changes in the structure or components in the matrix during 
manufacturing processes, and they are considered to be continuous stresses even over the 
microstructure. As shown in Fig. 1-12, there will be measurable diffraction peak shifts due to 
misfits between the length scale (𝐿𝐿0𝐼𝐼 ) and the total gauge volume (Vv) [153]. 
In terms of the measurement methods for these type I stresses, there are two groups of 
measurement methods. One group encompasses the destructive methods; they rely on 
measurements of the local deformations and distortions when some cuts in material are made or 
certain parts of material are removed. 
 
 
 
Figure 1-12. Example of Type I stress. The misfit has been introduced by quenching rapidly, and 
this is assumed to be a long-range misfit [155]. 
 
Such measurements are designed in such a way that, based on these deformation measurements, 
the original stress fields (or at least some stress components) can be reconstructed in the different 
parts before the destructive operations. Some of the destructive methods are hole and deep hole 
drilling methods, the material removal method, the slitting method, and the contour method [155]. 
The other group contains the non-destructive methods; usually they include X-ray diffraction 
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(XRD), neutron diffraction (ND), ultrasonic measurements, and magnetic measurements. 
Specifically in the diffraction methods, the presence of the macrostress is revealed through the 
measurable diffraction peak shift due to elastic effects [155]. 
The second type, type II, of residual stress, called structural microstress or intergranular stresses, 
is produced by the difference in mechanical properties of different phases (or, more generally, 
grain families) of the material. Microstresses are most prominent in composite materials where the 
Type II misfit can be caused by differences in elastic, plastic, or thermal properties of the two 
phases. For example, due to different thermal contraction of the matrix and reinforcement 
materials, average tensile stresses can be generated in the matrix, < 𝜎𝜎 >𝑀𝑀ΙΙ , and average 
compressive phase stresses will occur in the reinforcement, < 𝜎𝜎 >𝑅𝑅ΙΙ. Alternatively the microstress 
can also be generated through differences in plastic properties under plastic flow or differences in 
the elastic properties under the conditions of the applied load. This type of stress can also be 
generated in a single phase material under conditions of strong anisotropy of the material 
properties. The effective range of this stress variation is several micrometres (μm) which is the 
one-grain scale. Unlike Type I, the Type II stresses are discontinuous from grain to grain, as 
shown in Fig. 1-13. [155]. 
 
 
 
Figure 7. Example of Type II stress. The grain-to-grain and phase-to-phase misfits are shown 
schematically by separating the grains. M and R denote matrix and reinforcement, respectively 
[155]. 
 
In this case, the microstress can be derived from the combination of elastic mismatches between 
grains and (or) phases with macrostress. The microstress can also originate from differences in 
thermal expansion or plastic flow [155]. In general, there is no strict borderline between the first 
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and the second residual stress measurement methods. Type II stresses, however, have a 
discontinuous characteristic as opposed to the Type I and affect the local grains. In addition, they 
are not relevant to the grain boundary region [155].  
Lastly, the residual stresses of type III refer to the atomic scale stresses, with effective range of 
100 nm, as shown in Fig. 1-14. [155]. One example of manifestation of this stress type is work 
hardening, which is mainly due to interactions between the stress fields caused by each individual 
dislocation or by dislocation pile-ups [155]. 
Mechanical stress measurements cannot reach down to this atomic level, but in the diffraction 
methods, this stress can reveal itself through diffraction peak broadening effects. 
 
 
 
Figure 1-14. Type III stress varies on a length scale that is much shorter than the grain size. In this 
example, the misfits are introduced by dislocations, vacancies, and interstitials [153]. 
 
1.5.2.3.2. Measurement of Residual Stress 
 
The principle of residual stress measurement by the neutron diffraction is analysis of the peak 
position shift of the Bragg peak. If crystal lattice strain is present in the area of material that is 
irradiated by a neutron beam, it causes a diffraction peak shift that can be measured very 
accurately, e.g. 100 microstrains and even better [56]. For the residual stress diffractometers based 
at fission reactors, the so-called angular dispersive technique is in use and is schematically shown 
in Fig. 1-15. [154] In this case, through use of a monochromator, the neutrons of a certain 
wavelength λ (more accurately a narrow band of wavelengths) are extracted from the 
polychromatic neutron flux, which is obtained from the reactor and delivered to the 
monochromator via neutron guides. The beam, formed by an incident slit (scale of mm) penetrates 
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into the material and scatters from the different lattice planes (hkl) of grains of the material to 
different angles With the use of the secondary slit in the front of a neutron detector, a specific 
spatial location (gauge volume) and particular lattice spacing can be selected. The peak position of 
the neutrons scattered from the gauge volume is measured as the angular peak position in the 
detector according to Bragg’s law: 
 
𝜆𝜆 = 2𝑑𝑑ℎ𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑛𝑛 �
2𝜃𝜃
2
�    (1) 
 
Where λ is the monochromatic beam wavelength, d is the lattice spacing of the given (hkl) 
reflection and 2θ is the Bragg (scattering) angle [156, 157]. 
Instrumentally, two main components of the constant wavelength diffractometer are a 
monochromator and a detector. In modern designs, the monochromator (usually Si crystals) is 
optimised for maximising flux and overall accuracy of the measurements. In combination with a 
large position-sensitive neutron detector (PSD) designed to accurately and efficiently measure the 
distribution of the neutron flux, it is used to improve the overall measurement time. 
The value measured by Bragg diffraction is not the stress, but the lattice spacing 𝑑𝑑ℎ𝑘𝑘𝑘𝑘  measured in 
a certain direction which corresponds to specific reflecting (hkl) planes averaged over a gauge 
volume in the polycrystalline material [155]. 
 
 
 
 
Figure 1-15. Schematic diagram of the neutron residual stress instrument [156]. 
 
In a stress-free material, the lattice strain, which is the relative change in the specific lattice 
spacing due to internal stress as compared to the deformation-free lattice plane value, is denoted 
by 𝑑𝑑0,ℎ𝑘𝑘𝑘𝑘 . In a stressed specimen, a shift in each Bragg peak position occurs, and the elastic strains 
are then expressed by Eq. (1.4). [158]. 
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In general, it is necessary to measure the strain in at least six different directions to determine the 
strain tensor (ε) at a given point of the specimen. It is well known, however, that knowing the 
principal axes makes it sufficient to measure only these directions. The relationship between 
deformation and the stress tensor is as follows in Eq. (1.5). [158]. 
 
 
Where E is Young's modulus of the selected plane (hkl) diffraction and  𝜈𝜈 is the Poisson ratio. In 
order to obtain the normal stresses, the anisotropy of the constituent grains and the boundary 
conditions of the stress-strain in the grain boundaries must be taken into consideration, since it is 
an average strain measurement of the grains having a constant orientation in the polycrystalline 
specimen under uniaxial stress [158]. In general, researchers usually use three approximate models 
to solve this complex theoretical problem. The first theory is the Reuss approximation, which 
assumes constant stresses at the grain boundaries, the Voigt model, which approximates 
permanent deformation, is considered as a second assumption, and lastly, the more realistic 
Kröner approximation determines the average elastic modulus of the polycrystals, assuming that 
both stress and deformation are continuous in the grain boundary [159-163].  
 
1.6. Outline of the Thesis 
 
Chapter 1 provides a general overview and literature review to demonstrate the motivation of this 
thesis work. Also, experimental and theoretical studies are summarized to show the current status 
of our research field. Then, the analysis of the stress/strain behaviour in the boron-11 isotope 
based MgB2 superconducting wire is summarized with respect to the neutron analysis method. 
Chapter 2 includes more detailed information on experimental and neutron analysis techniques. 
The one principal technique used in this study is the neutron analysis method for investigation of 
the stress/strain behavior in the boron-11 isotope based MgB2 superconducting wire. Additional 
techniques, such as accelerated X-ray diffraction, scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS), are also 
introduced. 
In Chapter 3, there is a basic analysis of three 11B isotope rich powders by using specific analysis 
instruments. Accelerator mass spectrometry (AMS) and neutron transmission (NT) experiments 
were employed to trace the isotope composition of the 11B powders. The crystallinity and 
morphology were determined by X-ray and electron diffraction. The chemical states of the boron 
isotope were investigated with near edge X-ray absorption fine structure spectroscopy (NEXAFS) 
𝜀𝜀ℎ𝑘𝑘𝑘𝑘 =
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and X-ray photoemission spectroscopy (XPS). The properties of the MgB2 products sintered from 
the boron powders are also characterised, in particular, their superconducting characteristics. The 
results of the study demonstrate the practical feasibility of the MgB2-based superconducting 
products, with properties competitive with the traditional Nb-based superconductors for the fusion 
reactor application. 
In Chapter 4, for practical application of the boron-11 isotope powder as a boron precursor, which 
was analysed in Chapter 3, appropriate high pressure was employed during the manufacturing 
process for the MgB2 by the in-situ powder-in-tube (PIT) method. Indeed, special hot isostatic 
pressing (HIP) was performed for second stage densification. In this research on the effective 
densification of the MgB2 superconductor, the combination of cold and hot densification methods 
will be a promising replacement for conventional methods for the inexpensive production of the 
MgB2 and gives a guideline for using boron-11 isotope powder to synthesize Mg11B2 
superconductor with an excellent critical current density (Jc). 
In Chapter 5, the correlation between the critical current density, microstructure, and sintering 
temperature of the boron isotope based MgB2 wires is studied, and all the required 
superconducting properties are reported. In this work, a batch of monofilament isotopic Mg11B2 
wires with low-crystallinity 11B powder as the boron precursor were fabricated using the powder-
in-tube (PIT) process at different sintering temperatures, and the evolution of their microstructure 
and corresponding superconducting properties was systemically investigated. Indeed, the influence 
of both the superconducting fraction and the inter-grain connectivity on the Jc performance is 
discussed.  
The superconductor magnet systems are the key components in a fusion energy system such as 
International Thermonuclear Experimental Reactor (ITER). Moreover, MgB2 is much cheaper 
than NbTi superconductor, has lower induced radioactivation properties, and the boron-11 isotope 
based MgB2 superconductor can replace NbTi, which has been used for poloidal and correction 
field coils in the ITER fusion reactor. Therefore, we fabricated boron-11 isotope MgB2 and 
glycine doped Mg11B2 bulk superconductor in order to obtain enhanced Jc compared with the 
natural boron based MgB2 in Chapter 6. 
In Chapter 7, we used the neutron diffraction technique to measure the residual stress in boron-11 
isotope based Mg11B2 superconducting wire, a promising candidate material to replace Nb-based 
superconductors in the next-generation fusion reactor, which is related to the work in Chapter 5. 
The residual stress state is given qualitative and quantitative interpretation in terms of micro- and 
macro-stress generation mechanisms, based on the isotropic model confirmed by the results on 
neutron texture measurements. The relationship between the stress/strain state in the wire and the 
transport critical current density is also discussed. 
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Chapter 2 
Experimental Procedures and Instruments 
 
2.1. Boron-11 Isotope based MgB2 Superconductor Preparation 
 
In this thesis work, boron-11 isotope based Monofilament MgB2 wire was fabricated by the 
conventional powder-in-tube (PIT) technique using the in-situ method [1]. In this process, a Nb 
barrier and Monel sheath consisting of of Nb tube inside and Monel (Ni-Cu alloy) tube outside 
were used, and low crystalline boron-11 isotope powder (from Pavezyum Kimya, Turkey, 
Moissan method [2], 840 nm, 95.5%) and magnesium powder (100-200 mesh, 99%) were used for 
forming boron-11 isotope based MgB2 phase with the stoichiometric composition of Mg: B = 1: 2 
[3, 4]. More explanation and analysis of the three types of boron-11 isotope powders are presented 
in Chapter 3. 
 
2.2. Residual Stress and Texture Measurement using Neutron Diffraction  
 
For neutron experiments, the individual Mg11B2 wires were cut into pieces ~5 mm long and 
bunched together to form bulk samples with approximate dimensions of 4×4×4 mm3. The 
measurements of residual stress on Mg11B2 wires were carried out using the KOWARI neutron 
diffractometer (shown in Figure 2-1) [5] at the Open Pool Australian Lightwater (OPAL) research 
reactor at the Australian Nuclear Science and Technology Organization (ANSTO). 
 
 
 
Figure 2-1. KOWARI neutron diffractometer in a general stress setup and texture setup. 
 
The Mg11B2 phase was measured at 90° geometry using wavelength λ = 1.5 Å and Bragg angle (2θ) 
= 102° for the Mg11B2 (211) reflection. Two principal directions, transverse and axial, were 
measured. A pure Mg11B2 pellet sample was used to determine the unstressed lattice spacing, d0. 
The stress (𝜎𝜎) was calculated for the measured transverse and axial strains of the Mg11B2 (211) 
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reflection using the (hkl)-dependent Young’s modulus (E) and Poisson’s ratio (ν) calculated from 
the single crystal elastic constants, E(211) = 316.2 GPa, and ν(211) = 0.17 according to the 
following relationship [6, 7]. 
 
𝜎𝜎𝑎𝑎,𝑡𝑡 =
𝐸𝐸
1+𝜈𝜈
�𝜀𝜀𝑎𝑎,𝑡𝑡 +
𝜈𝜈
1−2𝜈𝜈
(𝜀𝜀𝑎𝑎 + 2𝜀𝜀𝑡𝑡)�  (1) 
 
To further study aspects of anisotropic stress state, neutron texture measurements were performed 
on the wires, including on the three phases, Mg11B2 and Monel-Nb sheath (only for the sample 
sintered at 700℃, since the other samples were essentially identical). A few representative pole 
figures were collected to judge the crystallographic isotropy/anisotropy using the same KOWARI 
diffractometer.  
 
 
 
Figure 2-2. Example of the pole figure measurement mesh used in texture measurements. 
 
The texture measurements of the wires were carried out on the same KOWARI neutron 
diffractometer (ANSTO) using the measurement mesh shown in Figure 2-2. Three phases, Mg11B2, 
Nb, and Monel, were measured using wavelength λ = 1.67 Å, 5°×5° mesh (see Figure 2-2), and 
several pole figures for every phase, which were sufficient to judge the preferred orientation of 
each phase. In particular, (100) and (110) pole figures were measured for Mg11B2, (110) and (200) 
planes for Nb, and (111) and (200) planes for Monel. Some of the pole figures were measured 
simultaneously due to diffraction pattern overlap. 
 
 
2.3. X-ray Diffraction 
 
The X-ray diffraction technique used for the identifying and classifying each phase, such as Mg, 
MgO, boron rich MgB2, and MgB2 in the boron-11 isotope based MgB2 superconductor, including 
grain size, unit cell dimensions, volume fraction, etc. In this thesis work, two different types of X-
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ray diffraction techniques were used. The MgB2 phase formation and fundamental crystallographic 
information on the wire was investigated using a conventional X-ray diffractometer. The XRD 
device (Mini-materials Analyser, GBC Scientific Equipment, USA) was used with Cu Kα (λ = 
1.54056 Å) radiation for the XRD analysis [8]. The XRD data for the samples were collected from 
angles of 20° to 80°, using a 1° per min scan rate and 0.02° step size. And high resolution (HR)-
XRD (ATX-G) was used for analysis of the impurities in the boron 11 isotope powders. 
 
2.4. Electron Microscopy 
 
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used in 
this thesis work [9, 10]. SEM is a fundamental analytical method for the evaluating morphological 
characteristics of materials, such as porosity, contrast differences, particle size, etc. An energy 
dispersive spectrometer (EDS or EDAX) is attached to an electron microscope. The high energy 
electron beam reacts with the specimen, making it possible to determine the structure and 
chemical composition of the specimen. The components of the specimen can be identified using 
characteristic X-rays. The X-ray spectrum is a graph in which the intensity (Y-axis) of the X-ray is 
an energy function (X-axis). The channel number of the energy is the maximum value of the peak, 
which is the energy of the X-ray. The computer of the EDS system stores the location of all the 
characteristic X-rays, and the K, L, and M X-rays appear on the screen when the peak position of 
the spectrum is within about 10 eV. It is very easy to find out the element from the peak. When the 
positions of the X-rays are nearer than the resolution (128 eV), the peaks are superimposed. If 
there is no possibility of overlapping by adjusting the acceleration voltage of the microscope, 
review the other X-ray. This allows accurate qualitative analysis [11]. Electron energy loss 
spectroscopy (EELS) in the part of the TEM can be used to determine the energy loss of inelastic 
scattering electrons that occur when accelerated electrons react with sufficiently thin specimens to 
obtain the desired information such as the element, composition, and chemical bonding state of the 
reactive site [12]. By combining SEM with TEM techniques, we can investigate how the doping 
element works in the MgB2 phase during the wire production procedure, and details are presented 
in Chapter 4. 
 
2.5. Superconducting Properties 
 
The electromagnetic properties of the boron 11 based MgB2 wires such as the critical temperature 
(Tc) and critical transport current (Ic) were measured using an American Magnetics re-condensing 
15 T Superconducting (AMS) magnet [13]. The critical current density Jc was calculated by 
dividing Ic by the cross-section of the boron 11 based MgB2 core. For the measurement of Tc, 
current up to 1 A was passed through the specimen at around 50 K temperature, and the voltages 
across the specimen were acquired by a Keithley Nanovoltmeter model 2182A via the LabVIEW 
program until the superconducting transition occurred [14]. The measured voltages were 
converted into resistance using Ohm’s law. 
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2.6. Other Characterization Techniques 
 
The particle size distributions of the three sorts of 11B powders were measured by a Mastersizer S 
(Malvern Panalytical, UK). The isotope ratio of 10B to 11B was judged using a HVEE 846 Cs 
sputtering negative ion source and injector magnet of the Australian National Tandem for Applied 
Research (ANTARES) at ANSTO. Near edge X-ray absorption fine structure (NEXAFS) 
measurements at the 10D X-ray Absorption Spectroscopy (XAS) facility at the Pohang 
Accelerator Laboratory (PAL) and X-ray photoelectron spectroscopy (XPS, PHI 5000 Versa Probe, 
ULVAC PHI) were introduced for the purpose of the analysing the chemical state of the 11B. 
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Chapter 3  
Assessment of Isotopic Boron Powders for the fabrication of low 
activation Mg11B2 superconductor for fusion magnets  
 
3.1. Introduction 
 
Within the scope of the International Thermonuclear Experimental Reactor (ITER) project, Nb3Sn 
and NbTi superconducting wires and cables are used as essential constituents of the toroidal field 
(TF) and poloidal field (PF) coils to contain the deuterium-tritium (D-T) fusion plasma [1-3]. Nb-
based low temperature superconductors have significant drawbacks. For long-term and steady-
state operation of the D-T plasma fusion reactors, it is desirable that the superconducting magnet 
elements have low activation [4, 5]. The Nb-based superconductors, however, require a very long 
period for the radioactivity to decay and to cool down after neutron irradiation [6]. Thus, this 
creates an additional problem for the maintenance and treatment of the radioactive wastes [6]. On 
the other hand, MgB2-based superconductors have a short decay time and are known as one of the 
most low activation superconducting materials [7]. Furthermore, MgB2 superconductors have a 
higher operating temperature compared to the Nb-based superconductors [8]. 
For the purpose of using MgB2-based superconducting magnets in the fusion reactor, it is 
necessary to consider the properties carefully, especially the nuclear properties, of the boron 
precursor. Natural boron is a mixture of two isotopes, boron-10 (10B; 20 %) and boron-11 (11B; 
80 %) [9, 10]. 10B has a very large neutron absorption (capture) cross-section and is usually used 
as a neutron absorber in nuclear power plants in the radiation shield or control rods [11, 12]. In the 
neutron flux, 10B is transformed to 7Li and He by a neutron reaction (10B + n, α →7Li + 4He) [13-
15]. In contrast, the 11B isotope is stable with respect to neutron irradiation, lacking the (n, α) 
reaction, and can reduce nuclear heating [16-18]. Thus, from the practical point of view, the 
application of 11B based Mg11B2 superconductors is crucial in the neutron irradiation environment, 
there is a definite requirement of 11B to fully replace 10B [18]. If the problem of 11B enrichment is 
solved to a practically acceptable degree, we believe that Mg11B2 superconductor is a promising 
candidate to replace the NbTi superconductors in the low field fusion magnets. 
A significant enhancement in the current carrying capacity and upper critical field of MgB2 has 
been realized through chemical doping with carbon (C) containing compounds, such as SiC, B4C, 
C and carbon nanotubes (CNT). Chemical doping is a simple and readily scalable technique. 
However, doping effects have been limited by the agglomeration of nanosized dopants and poor 
reactivity between boron (B) and C [19-24]. In order to overcome these problems, one of the co-
authors proposed the carbohydrate through solution route [25]. To further improve the 
superconductivity, the properties of the starting B powders, such as purity, size distribution, 
particle size, etc., need to be considered as they play an important role in determining the 
fundamental properties of MgB2. 
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In this study, we have analysed the 11B powder and manufactured Mg11B2 bulk superconductor 
using 11B-rich precursors to estimate properties which are important for application in 
superconducting magnets for fusion reactors. Apart from the control of the isotope composition, in 
the case of the powder precursors, we studied properties that are important for the reaction 
formation of Mg11B2, such as the chemical/crystal state, powder particle morphology, etc. For the 
fabrication of Mg11B2 bulks, the major focus of this study is to control the phase purity and 
superconducting properties of the resultant product.  
 
3.2. Experimental Details 
 
Three commercially available 11B powders, American Elements (A) 99%, Cambridge (C) 99%, 
and Pavezyum (P) >95.5% (where the numbers refer to the nominal atomic fraction of 11B), were 
obtained from each company and used as boron sources.  
The phase compositions of the 11B-rich powders were examined by high-resolution X-ray 
diffractometry (HR-XRD; ATX-G) using Cu Kα radiation. The morphology of the powder 
particles was characterized by scanning electron microscopy (SEM; MERLIN, Carl Zeiss). The 
size distribution of the 11B powders was analysed using a Mastersizer S (Malvern Instruments, 
UK). The isotope ratio of 10B to 11B was examined using accelerator mass spectrometry (AMS) 
available at the Australian Nuclear Science and Technology Organization (ANSTO) on the basis 
of the AMS complex ANTARES (Australian National Tandem for Applied Research) equipped 
with the HVEE 846 Cs sputtering negative ion source and injector magnet [26]. The same isotope 
ratio was also determined through measurements of the neutron beam absorption in the powders 
using the KOWARI diffractometer in the neutron transmission (NT) mode [27]. Near edge X-ray 
absorption fine structure (NEXAFS) measurements at the 10D X-ray absorption spectrometer 
(XAS) B/L at the Pohang Accelerator Laboratory (PAL) and X-ray photoelectron spectroscopy 
(XPS; PHI 5000 Versa Probe (ULVAC PHI)) were introduced in order to investigate the chemical 
state of the 11B.  
For the production of bulk Mg11B2 superconductors, the 11B-rich powder was mixed with Mg 
powder (100–200 mesh, 99%) in a molar ratio of Mg + 2B. After grinding properly in an agate 
mortar, the mixtures were pressed into cylindrical pellets (5 mm diameter and 2 mm thickness) 
under a pressure of 5 MPa. The obtained pellets were sintered at 700 °C and 800 °C under high 
purity Ar flow (ramp rate: 5°C/min and dwell time of 1 hour).  
The phase composition and superconducting properties of the thus-produced Mg11B2 
superconductors were measured by X-ray diffraction (XRD, GBC-MMA) and on a 9T physical 
properties measurement system (PPMS, Quantum Design).  
 
3.3. Results and Discussion 
 
The most critical property for nuclear applications, the isotope content of 10B for the three 11B 
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powders, is shown in Table 3-1. The two methods used for determining the amount of 10B 
impurity are in general agreement, although the NT method has larger uncertainties related to the 
finite accuracy of the compaction density determination. The Cambridge 11B (C) powder contains 
the largest amount of 10B, and the American Elements 11B (A) powder has the lowest 10B content, 
while the Pavezyum 11B (P) powder is in the middle, with content between the C powder and the 
A powder.  
 
Table 3-1. Isotope ratio and size distributions of American Elements 11B powder (A), Cambridge 
11B powder (C), and Pavezyum 11B powder (B). 
 
 
a D [3,2]= The volume/surface mean (also called the Sauter mean) diameter [31]. 
b D [4,3]= The mean diameter over volume (also called the DeBroukere mean) [32]. 
AMS: Accelerator Mass Spectrometry, NT: Neutron Transmission mode 
 
Fig. 3-1 presents the XRD patterns of the three different 11B powders. All major diffraction peaks 
can be defined as β-rhombohedral boron (JCPDS: 31-0207) [28].  
 
 
 
Figure 3-1. HR-XRD patterns of American Elements (A), Cambridge (C), and Pavezyum (P) 11B-
Materials 
Isotope 
composition, 
at % of 
10
B (AMS, 
NT) 
Mean size 
D [3, 2]
a
(𝝁𝝁𝝁𝝁) D [4, 3]
b
(𝝁𝝁𝝁𝝁) 
American 
Elements 
0.57±0.02 
0.40 ± 0.10 57.2±0.07 115.21±0.14 
Cambridge 1.04±0.04 0.90 ± 0.10 21.74±0.27 67.74±0.84 
Pavezyum 0.74±0.04 0.75 ± 0.10 2.68±0.03 23.47±0.29 
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rich powders. 
In the case of P, there is a significant peak broadening compared with A and C, and it has an 
impurity identified as H3(BO3). Peak broadening indicates that the P powder has the lowest 
crystallinity and the smallest crystallite domain size among three different 11B powders [29, 30]. 
The microstructure of the 11B powders is shown in Fig. 3.2.  
 
 
 
Figure 3-2. SEM images of three different 11B powders: (a) American Elements 11B, (b) 
Cambridge 11B, and (c and d) Pavezyum 11B-rich powders. 
 
As seen in the SEM images, the A and C powders are micrometer-sized powders with plate-
shaped particles, while P powder has spherical shaped particles of sub-micrometer-size. The mean 
sizes for the three 11B-rich powders are shown in Table 3-1.The D [3, 2] and D [4, 3] results 
(explained in Table 3-1) indicate that the A powder has the largest particle size, followed by the C 
powder, and the P powder has the smallest particle size. The particle size analysis results are 
consistent between the XRD results and the SEM observations. 
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Figure 3-3. Boron 1s core level XPS spectra of 11B powders: (a) American Elements 11B, (b) 
Cambridge 11B, and (c) Pavezyum 11B-rich powders. 
The accurate chemical bonding and structure of the 11B powders were determined by NEXAFS 
and XPS. The B K-edge NEXAFS spectra of the 11B powders can be explained by s + pz (π* 
transitions) and px + py (σ* transitions) [33, 34].  
The results for the individual powders are mainly very close, as shown in Figure 3-3. The peak at 
191.8 eV in the NEXAFS spectra is derived from the typical B-B bonding of the elemental boron, 
and the sharp peak correlated with the bonding of metallic boron at 194.4 eV in the π* resonance 
region is indexed as the transition of B 1s electrons to the unoccupied B 2pz orbital [35, 36]. For 
the σ* resonance region, there is significantly broad peak from 196 eV to 200 eV. Although 11B 
powders do not have significant structure in the σ* resonance region, it is suggested that 11B 
powders have an amorphous structure or low crystallite structure [37, 38].  
 
 
 
Figure 3-4. Boron 1s core level XPS spectra of 11B powders: (a) American Elements 11B, (b) 
Cambridge 11B, and (c) Pavezyum 11B-rich powders. 
 
Supplementary information on the chemical bonding of these samples can be derived from core 
level X-ray photoemission spectroscopy. Figure 3-4 presents the core level photoemission spectra 
for the three sorts of 11B powders. Three peaks are observed in all boron 1s signals, as shown in 
Figure 3-4 (a), (b), and (c), which have peak positions of 187.1−187.2 eV, 188.4 eV, and 191−192 
eV [31]. The two low binding energy groups, around 187 eV and 188 eV, are most likely from B-
B bonds in the 11B powders [39, 40]. The weak signal peak (191−192 eV) is involved with the 
oxidation of 11B or associated with the oxidized 11B in the higher energy region [41]. 
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It has been reported that the properties of the starting precursors (boron powders), such as 
crystallinity, purity, and particle size distribution, significantly influence and determine the 
fundamental electromagnetic and superconducting properties of the reacted MgB2 products [42-
45]. In particular, the crystalline phase, which is strongly evidenced in powders C and A, is 
believed to require high temperature for a full reaction between Mg and B, which decreases the 
superconducting current paths. Therefore, the powder with the smallest particle size and lower 
crystallinity was selected for the fabrication in order to improve the reaction rate and reduce the 
sintering temperature required to form Mg11B2 [46]. Consequently, the products from this powder 
were used for characterization of the superconducting properties of Mg11B2 samples, which were 
sintered at two temperatures, 700°C and 800°C.  
 
 
 
Figure 3-5. Characteristics of Mg11B2 bulk superconductor sintered at 700°C and 800°C: (a) XRD 
results for HT700°C and HT800°C. The (hkl) labels show Mg11B2 reflections. (b) Temperature 
dependence of the zero-field-cooled (ZFC) and field-cooled (FC) demagnetizations at 100 Oe. 
 
The XRD analysis in Figure 3-5(a) shows that the main phase was Mg11B2, while MgO was also 
present as a second phase impurity in both bulk samples sintered at 700°C and 800°C. Figure 3-5 
(b) shows the zero-field-cooled (ZFC) and field-cooled (FC) demagnetization results measured at 
100 Oe for the Mg11B2 samples as functions of the sintering temperature, with clear normal-
superconducting transitions observed in all samples with critical temperature (Tc) values of 36.5 K 
(HT700 °C sample) and 36.9 K (HT800 °C sample).It was shown earlier for samples made of this 
powder in bulk and wire form. In our previous study [47], we synthesized Mg11B2 using the 11B (P) 
and systematically studied the sintering process and critical current density of low activation 
Mg11B2 superconductors. The highest Jc value (2.20 ×105 A cm−2 at 20 K, self-field) was obtained 
in the Mg11B2 sample sintered at 850 °C for 45 min.  The high-temperature sintered samples have 
higher Jc at low fields compared to low-temperature sintered samples, mainly owing to their better 
crystallinity and grain connectivity [46-49]. Therefore, the 11B (P) powder proved its potential in 
terms of cost and performance, and thus, it can potentially be used in the next generation 
superconducting fusion magnets to replace the more expensive, higher neutron activation, and 
lower temperature NbTi superconductors.  
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3.4. Conclusions 
 
Our analysis has demonstrated that all three of the 11B powders that we studied have the β-
rhombohedral crystalline phase but slightly different 10B isotope content as an impurity. The boron 
powder from Pavezyum seems to have the most optimal combination of properties amongst the 
three suppliers for production of Mg11B2 bulk superconductors: smallest particle size, the lowest 
crystallinity among the three 11B powders, and an acceptable 11B purity of 99.25%. Thus, Mg11B2 
bulk superconductors have been successfully fabricated using this powder, and in tests, they 
demonstrated typical superconducting properties, which satisfy the requirements for critical 
temperature and current carrying capability. When considered in connection with practical 
manufacturing of superconducting wires and cables for potential use in future fusion reactors, the 
current study provides the first real demonstration and sets a reference point for Mg11B2-based 
superconducting wires.  
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Chapter 4  
Superior Transport Jc Obtained in in-situ MgB2 Wires by 
Tailoring the Starting Materials and using a Combined Cold High 
Pressure Densification and Hot Isostatic Pressure Treatment 
MgB2 Superconductor  
 
4.1. Introduction 
 
The superconductivity at 39 K that was discovered in MgB2 with its simple binary chemical 
composition has attracted much interest in its fabrication techniques and practical applications due 
to its low density, good compositional tolerance, and easy fabrication methods [1]. Its electrical 
applications are largely determined by its current carrying capability, i.e. the critical current 
density (Jc) of the superconductor at the service temperature. Therefore, many researchers have 
been trying to improve the Jc of MgB2 since its discovery in 2001. Although considerable progress 
has been made towards improving the fabrication and performance of MgB2 during this period [2- 
4], the critical current density in MgB2 is still not satisfactory compared to the expectations for its 
large-scale application.  
Strong pinning strength and connections between grains are the critical factors determining the 
performance of the upper critical field (Bc2) and in-field Jc in the Type II superconductors. Flux 
pinning strength in MgB2 is closely associated with its elementary pinning force and grain size 
[5,6]. On the other hand, grain connectivity is generally suppressed by voids, an insulating oxide 
phase, and imperfect connections between grains [6]. Yamamotoet al. [7] investigated this issue 
by designing a percolation model and showed that the grain connectivity could be defined as a 
function of the packing factor. Accordingly, significant improvement might be achieved by 
increasing the in-field Jc if it were possible to enhance both the flux pinning strength and the grain 
connectivity at the same time. It is actually difficult in practice, however, to balance the 
connectivity and flux pinning strength of MgB2 during the preparation process. A variety of 
processing techniques have been investigated to improve Jc in MgB2 superconductors in the last 
15 years, including irradiation [8,9], chemical doping [10–16], and ball milling [17–20]. Among 
them, carbon doping has been proved to be the currently most effective way of improving Jc, 
especially at high fields [11,13]. Nevertheless, all these techniques have focused on enhancing 
flux pinning by engineering grain boundaries or introducing nano-impurities and lattice defects, 
but they have tended to neglect and even worsen the associated issues of connectivity.  
In particular, the corresponding issue of connectivity plays a more vital role in determining the Jc 
performance in the low field region in MgB2 wires because the low density that currently exists 
within the filament cores has been a serious obstacle in reaching high Jc values for in-situ MgB2 
wires. In addition, the reaction between magnesium and boron to form MgB2 involves a volume 
contraction that produces a final density limited to about 50% of the theoretical density (2.36 g/ 
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cm3) [6]. Consequently, the typical effective cross-sectional superconducting area in MgB2 wire is 
only about 10% [21]. According to Rowell [21], the porosity of the wires strongly affects the grain 
connectivity of the grains in the finished wires, thus resulting in decreased wire performance. 
Several attempts have been undertaken to enhance the mass density of in-situ filaments by 
applying high pressure during the reaction heat treatment, by methods such as hot isostatic 
pressure (HIP) and other forms of hot pressing [22–27]. Cold densification was also applied as an 
alternative to the application of pressure at high temperature [28–30]. None of these high pressure 
processes, however, has the potential to be applied on long wire lengths. Very high mass densities 
in MgB2 wires (up to 100%) can be produced without external pressure by using the infiltration 
method, originally proposed by Giunchi et al. [31]. Hur et al. [32] and Togano et al. [33] applied 
this technique to a wire configuration and found very high critical current densities in ring shaped 
MgB2 filaments. The hollow centre of these filaments, however, introduces new homogeneity 
problems and a small superconducting filling factor, both of which require further development.  
The application of cold high pressure densification (CHPD) on long wires, leading to significant 
enhancement of Jc, was undertaken at the University of Geneva by Flükiger et al. [34] and Hossain 
et al. [35], on binary and alloyed MgB2 wires, respectively. Since no degradation of Jc was 
observed at the overlapping pressure zones between two pressed regions when compared to short 
wire lengths, these authors extended the CHPD method to lengths exceeding 10m, a first step 
towards industrial lengths [36]. 
In the previous sections, it was mentioned that HIP is not suitable for the production of wires with 
industrial length due to several reasons: a) the possibility of Ar gas being trapped inside the 
filament, b) the limitation of applied gas pressure to 0.2 GPa, and c) the size of the pressure 
chamber being too small for reacting wires in km lengths. In order to avoid these difficulties, a 
new type of HIP device was recently constructed at the Institute of High Pressure Physics in 
Poland, and HIP was successfully applied on long lengths of wires [37]. This new toroid-type 
isostatic hot press enables the production of very long lengths of MgB2 wire. Second stage 
densification using the toroidal HIP chamber after CHPD has been applied on optimized CHPD 
treated wires under the collaboration between the University of Wollongong, Australia and the 
Institute for High Pressure Physics, Unipress, Poland. 
In the present work, both the CHPD and the HIP techniques were applied to in-situ PIT MgB2 
wires to increase mass density and further promote grain connectivity. In combination with the 
usage of optimized carbon-encapsulated boron as precursor, the highest Jc has been obtained for 
our in-situ CHPD + HIP PIT wires, and this result is very comparable to the performance of 
second generation MgB2 wires produced by the Advanced Internal Magnesium Infiltration (AIMI) 
technique [38]. 
 
4.2. Experimental Details 
 
C-encapsulated amorphous boron powder (with a C percentage of about 2.30 wt.%) was obtained 
from Pavezyum Advanced Chemicals (PAVEZYUM) as the boron precursor. They produce 
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carbon encapsulated amorphous boron powder through pyrolysis of a mixed gas consisting of 
diborane gas (B2H6), hydrogen, and hydrocarbon (CxHy) under inert conditions [39]. Then, the 
boron precursor was mixed with magnesium coarse powder (99.9%, 150 μm) in a molar ratio of 
Mg + 2B. MgB2 wires were fabricated by the in-situ powder in-tube (PIT) process. The mixed Mg 
+ 2B powder was firstly packed into metal tubes with an Nb barrier and a Monel outer sheath. 
Then, the tube was drawn to wire with 0.83 mm outer diameter (OD). After that, pressure (about 
1.8 GPa) was applied to the MgB2 wires using the CHPD device (Figure 4-1(a)) at room 
temperature after drawing, just before the final reaction heat treatment. It is clear from Figure 4-
1(a) that high pressure on the wire is uniformly applied from four sides via hard metal anvils at 
room temperature. After CHPD treatment, it was found that the cylindrical wires had been 
deformed into cuboid wires with a significant reduction of volume [34,35]. Consequently, a 
sizable enhancement of the mass density in MgB2 wires can be obtained by CHPD, as reported in 
our previous studies [34,35]. After CHPD treatment, HIP (about 1.4 GPa in pressure) was applied 
to MgB2 wires at 700 °C for 20 min. The CHPD-treated carbon-encapsulated MgB2 wires were 
placed in the toroidal molten-salt-based HIP chamber (designed and built at IHPP, Poland) for 
further densification during the reaction [37]. In this device (Figure 4-1(b)), the pressing medium 
consists of molten salt (specific eutectic mixtures of salts (i.e. NaCl and KCl) along with boron 
nitride (BN)) instead of gas. BN is used for its high chemical stability and plasticity. In this 
process, a long wire sample is kept inside the salt bed in a sealed high pressure chamber. At the 
desired temperature the solid salt mixture melts in the high pressure chamber, which is tightly 
closed. External forces on the upper cover are directly transmitted to the pressure chamber before 
it reaches the reaction temperature of 700 °C. This new toroid type isostatic hot press enables the 
production of very long lengths of MgB2 wire. A schematic illustration of the first prototype of the 
liquid-salt-based HIP machine is shown in Figure 4-1(b). The morphology of the carbon-
encapsulated boron precursor and the as-prepared MgB2 wire samples was observed by scanning 
electron microscopy (SEM) on a JEOL JSM-7500FA, as well as by transmission electron 
microscopy (TEM) on a TEM with electron energy loss spectroscopy (EELS). The transport Jc 
values were measured as a function of applied magnetic field in a 15 T magnet at 4.2 K in a He 
flow cryostat using the four-probe technique, with currents up to 200 A. 
 
 
 
Figure 4-1. Schematic illustrations and photographs of (a) CHPD [31,32] and (b) HIP [37] devices. 
 
62 
 
4.3. Results and Discussion 
 
Figure 4-2 presents schematic diagrams of the process for preparing MgB2 wires and the 
corresponding microstructures of boron or magnesium within the wires at different stages. As 
shown in the TEM image of the C encapsulated boron precursor in Figure 4-2(a), the boron 
particles are very small (about 150–200 nm in size) and in the amorphous state. Observing more 
carefully, it can be found that these boron particles are homogeneously coated by some kind of 
thin layer. In combination with the EELS results, it is clear that the coating layer is carbon-rich, 
which indicates that the carbon is indeed mainly concentrated at the surfaces of the B particles and 
encapsulates them uniformly during the pyrolysis process, as we reported in our previous study 
[39]. Compared to other techniques for introducing carbon doping, such as solid state mixing and 
the chemical solution route [11–13], the significant advantages of using this C-encapsulated B as a 
precursor are that an appropriate level of carbon substitution can be achieved more 
homogeneously in the finally sintered MgB2 wires at low cost and that the whole process is 
precisely controlled [39]. SEM images of the elongated fibrous Mg in the PIT MgB2 wires after 
drawing and after CHPD treatment are presented in Figure 4-2(b) and (c), respectively. Obviously, 
the coarse Mg original particles in the PIT wires are gradually deformed into Mg fibres as the size 
of the wires is decreased to the final diameter by drawing. Uchiyama et al. [40] reported that such 
behaviour of Mg in the PIT wires exists because magnesium is more ductile than boron, and 
during cold-working, the magnesium powder can be easily elongated along the wire direction, 
resulting in such fibrous structure within the wire core. During the process of Mg elongation, it is 
very important how well the nano-boron is uniformly and homogeneously distributed and diffused 
on the surfaces of the elongated Mg grains with minimum energy. Therefore, the application of 
CHPD prior to heat treatment is very crucial, not only for the uniform distribution of nano-boron 
particles, but also for minimizing the voids and empty spaces after drawing. After the CHPD 
process, this deformation of Mg is further enhanced, and the Mg fibres are elongated (see the 
element map of Mg within the wires after CHPD in Figure 4-2(c)). Finally, the diameter of these 
Mg fibres can be reduced down to approximately 40 μm. Elongated voids with reduced size can 
still exist in the original positions of the elongated Mg fibres after the heat treatment due to the 
volume shrinkage as a result of the chemical reaction between Mg and B, and may be further 
minimized during the HIP process. In this way the shape and direction of the void can be 
effectively controlled and aligned along the wire direction using the coarse Mg as starting material, 
as discussed in our previous work [41]. Consequently, the electrical current can percolate easily 
with less obstruction in this kind of microstructure and thus improve the grain connectivity as well 
as the current carrying capacity.  
Figure 4-3 shows the microstructure of the superconducting core within the MgB2 wire after HIP 
treatment and after traditional sintering for comparison. It is clear that the amount and size of the 
voids are reduced, and the density during sintering has been further increased in the HIP treated 
MgB2 wire compared to traditional sintered wire (see Figure 4-3(a) and (b)). 
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Figure 4-2. Schematic diagrams of the process for preparing MgB2 wires and the corresponding 
microstructures of the boron or magnesium within the wires at different stages. 
 
It should be understood that the isostatic pressure is employed synchronously during the reaction 
process between Mg and B, which can further compact the superconducting core and compensate 
for the whole volume shrinkage. HIP without the CHPD stage is not very effective because high 
energy may be needed for the diffusion between the starting materials, which can destroy the 
linear fibrous structure and cause a mismatch of the boron distribution among the Mg grains. So, 
the application of HIP on the densified filament is obviously more beneficial, because minimum 
diffusion energy is needed to form homogeneous grains.  
 
 
 
Figure 4-3. (a, b) SEM and (c, d) TEM images of the microstructure of the superconducting core 
within the MgB2 wire after HIP treatment. 
In addition, comparing Figure 4-3(c) with (d), clear and regular lattices are observed throughout 
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whole MgB2 grains in the traditional heat-treated wire, while some locally modulated 
nanostructure exists within the MgB2 grains in the wire treated by HIP. The presence of this 
modulated nanostructure could be attributed to the microstrain resulting from HIP treatment. 
Based on the above results, usage of coarse Mg particles as precursor, together with CHPD and 
HIP treatment, is capable of dramatically increasing the mass density and decreasing the amount 
and size of voids, as well as controlling their shape and alignment. All these factors are beneficial 
for the connections between grains. Moreover, carbon-encapsulated amorphous boron precursor 
can introduce sufficient homogeneous carbon substitution into the boron, and the combination of 
CHPD and HIP treatment can significantly improve the grain connectivity, increase the uniformity 
in the MgB2 filament, and increase the number of dislocations (Figure 4-3). Gajda et al. [42] 
demonstrated considerable enhancement of Jc in both the high and low field regions after HIP 
treatment, which was due to the contribution of point and surface pinning centres, respectively, as 
well as the considerable reduction of voids.  
 
 
 
Figure 4-4. Magnetic field dependence of the transport critical current density (Jc) at 4.2 K for the 
CHPD and HIP co-treated MgB2 wires with carbon encapsulated amorphous boron precursor and 
course Mg powder. For comparison, the magnetic field dependence of the transport critical current 
density (Jc) for a traditional PIT MgB2 wire, an internal Mg diffusion (IMD) MgB2 wire [38], a 
solely CHPD treated PIT MgB2 wire, and a solely HIP treated PIT MgB2 wire is also presented 
here. The insets are photographs of cross sections of (left) the IMD MgB2 wire and (right) the 
MgB2 wire prepared in this work. 
 
To confirm this, the transport critical current density (Jc) was measured, and the corresponding 
magnetic field dependence of the transport critical current density at 4.2 K for the CHPD and HIP 
co-treated MgB2 wires with carbon encapsulated amorphous boron precursor is presented in 
Figure 4-4. As references, the magnetic field dependence of the transport critical current density 
(Jc) for a traditional PIT MgB2 wire, an internal Mg diffusion (IMD) MgB2 wire, a solely CHPD 
treated PIT MgB2 wire, and a solely HIP treated PIT MgB2 wire is also presented in Fig. 4.4. 
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Obviously, the values of Jc for the CHPD and HIP co-treated MgB2 wire are four times higher 
than for the traditional PIT MgB2 wire without any treatment. The Jc performance of the solely 
CHPD treated wire and the solely HIP treated wire are also both higher than for the traditional PIT 
MgB2 wire, whereas they are inferior compared to the CHPD and HIP co-treated wire. Neither 
CHPD nor HIP treatment alone is sufficient to increase the mass density. Only a collaborative 
effort using both CHPD and HIP treatment can effectively enhance the mass density, minimize the 
voids, and enhance the Jc overall in both the high and low magnetic field regions due to the 
uniform carbon substitution (Figure 4-3 and 4-4). Generally, CHPD treatment alone compacts the 
original particles in the PIT MgB2 wire, deforms these particles, and reduces the space between 
them, leading to an increase in the original packing density and filling factor. It has little effect, 
however, on the formation of voids as a result of the reaction between Mg and B during heat-
treatment. On the other hand, HIP treatment can make up for this limitation of CHPD treatment 
and reduce such voids. 
It is worth noting that the Jc performance of the CHPD and HIP cotreated PIT MgB2 wires in our 
work is close to that of IMD MgB2 wires reported in previous studies [38]. Although the IMD 
MgB2 wires exhibit the highest Jc values among all the MgB2 wires reported to date [38], there are 
still serious shortcomings in the process for scaling-up these IMD second generation (2G) MgB2 
wires for applications. During the IMD process, the Mg diffuses into the B layer, forming a hollow 
wire, and there is only a thin layer of MgB2 in the interior of the sheath tube (see its cross-section 
in the left inset of Figure 4-4). As a result, the filling factor is very low (generally approximately 
18%), and thus, the corresponding engineering critical current density (Je) performance is not as 
remarkable as their Jc performance. Moreover, their mechanical performance is inferior due to this 
hollow structure, especially when the wire is twisted into coils, which is essential to fabricate 
various practical superconducting devices. On the contrary, the cores of the CHPD and HIP co-
treated PIT MgB2 wires in our work are full of solid superconducting MgB2, and thus, the filling 
factor is very high (see the cross-section of this wire in the right inset of Figure 4-4). One can 
imagine that this structure in our as-prepared wires leads to higher Je as well as better mechanical 
properties than in IMD MgB2 wires. 
 
4.4. Conclusions 
 
In summary, various techniques, including CHPD, HIP, and the usage of coarse Mg particles and 
carbon-encapsulated amorphous boron precursor were collaboratively employed to improve the Jc 
performance of PIT MgB2 wires in the present work. Consequently, the best Jc performance was 
obtained among all the PIT MgB2 wires reported so far, due to their improved grain connectivity 
and enhanced flux pinning strength. Our work suggests that the economical starting precursors and 
the combination of cold and hot densification techniques could represent a promising alternative 
for industrial and economical production of practical MgB2 wires with excellent Jc. The 
techniques achieved from this work will be applied in low activation Mg11B2 superconductors for 
improving the connectivity in the filament in the future work. 
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Chapter 5  
Doping-Induced Isotopic Mg11B2 Bulk Superconductor for Fusion 
Application  
 
5.1. Introduction 
 
Fusion power is one of the most promising energy source candidates to solve global energy 
problems, considering its safety and green merits compared with conventional mineral energy 
sources. In the world-class International Thermonuclear Experimental Reactor (ITER) fusion 
energy project, the superconducting magnet system serves as a key determinant (Figure 5-1). A 
high and steady magnetic field needs to be produced to confine the deuterium (D)–tritium (T) 
burning plasma inside the ITER Tokamak nuclear fusion reactor. According to the previous ITER 
plan, hundreds of tons of superconducting cables made from NbTi and Nb3Sn strands have been 
fabricated to assemble 18 Nb3Sn toroidal field (TF) coils, a 6-module Nb3Sn central solenoid (CS) 
coil, six Nb-Ti poloidal field (PF) coils, and nine pairs of Nb-Ti correction coils (CC) [1,2,3]. 
ITER is aimed at demonstrating the feasibility of fusion energy, but for the next step, the 
development of a commercial fusion reactor there is a concern that, after irradiation, 93Nb be 
transformed into the long-lived nuclide 94Nb with a half-life of about 20,000 years [4,5]. Hence, 
coil maintenance and repairs may become more cumbersome and the recycling of irradiated Nb-
based alloys may call for tens of thousands of years of waiting for them to “cool down”. 
Meanwhile, thicker shielding will be necessary for long-term operation. For the convenience of 
radioactive waste treatment and environmental protection, the radioactivation properties of 
superconducting components within the fusion reactor should be taken into account. The 
superconductivity of MgB2 was discovered in 2001 [6]. It is well-known for its simple binary 
chemical composition and much higher critical transition temperature (Tc) of 39 K than that of 
NbTi at 9.3 K. In order to operate Nb-based low-temperature superconductors, the core of the 
magnet needs to be cooled down to 4 K. The only eligible cryogen is liquid helium, which is 
extremely expensive, not always available, and very difficult to handle. In the case of MgB2, a 
working temperature as high as 20 K is low enough to achieve acceptable performance. 
Remarkably, the operating cost is expected to be cut by over 50% by substituting cryocooler-
cooled MgB2 materials at 20 K for liquid-helium-cooled Nb-based superconductors. Therefore, 
due to the advantages of cost-effectiveness, lower radioactivation, and the shorter decay time of 
isotopic Mg11B2, fundamental research on Mg11B2 superconducting wires will be valuable for 
improving the efficiency of practical application in high-irradiation environments such as fusion 
reactors. Nevertheless, the application of the un-doped MgB2 remains limited by the sensitivity of 
the critical current density (Jc) to the increasing applied magnetic field [7]. By yielding an 
enhancement of Jc especially at high field, chemical doping enabled MgB2 to meet higher demand 
in practical application, and carbon-containing compounds definitely attracted the most attention 
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within the dopant’s family.  
 
 
 
Figure 5-1. (a) 3D illustration of superconducting magnet consisting of poloidal field (PF), 
toroidal field (TF), and central solenoid (CS) coils; and (b) replaceable parts with MgB2 [1,2]. 
 
MgB2 bulks and wires with carbon addition, for instance, malic acid [8], graphene, coronene, or 
glucose [9,10,11], have been under investigation, motivated by the potential response of carbon 
atoms (compared to boron) to donate their additional valence electrons to the σ conduction band. 
Glycine (C2H5NO2, Glycine) was doped into MgB2 bulks by a series of techniques in our previous 
study [12,13]. The dominating mechanism for the enhancement of the Jc lied in the MgO 
formation in advance of the Mg-B solid-solid reaction, and the simultaneously released carbon 
atoms provided a certain contribution as well, by substitution the B sites in the MgB2 lattice. Apart 
from the carbon doping method, a new trial related to the state of the boron precursor has been 
carried out as well. The MgB2 wires prepared from laboratory made nano-sized boron achieved 
the Jc of 105 A·cm−2 at 5 K and 4 T [14]. Bovone et al. [15] produced boron powder by 
magnesiothermic reduction of boron oxide in the lab, which proved to be an excellent precursor 
for MgB2 wire manufacture independent of the applied technique. Furthermore, commercial 
carbon-coated amorphous boron powder brought along carbon doping and benefited the Jc of the 
synthesized MgB2 bulks with or without Cu doping [16,17]. 
Considering the type of the original boron powder, isotopic boron has been adopted to determine 
the effect on the superconductivity and physical properties of MgB2. The studies of both Bud’ko et 
al. [18] and Hinks et al. [19] indicated a difference of 1 K in transition temperature (Tc) for the un-
doped MgB2 made of 10B and 11B. Simonelli et al. [20] investigated the isotope effect on phonon 
spectra of MgB2 with Al doping and suggested a difference in Raman shift for the two isotopic 
forms of MgB2. Recently, Alarco et al. [21] extended the study to the effect of 10B, 11B and natural 
B (mixture of 10B and 11B) on the phonon frequencies, which exhibited a pronounced isotopic 
effect for the phonon modes. Compared with conventional Nb-based superconductors, MgB2 
features “low activation” and a much shorter decay time. Within 1 year, the dose rate of MgB2 
materials will be reduced to the hands-on maintenance level, which is desirable for a fusion reactor 
magnet system [4]. Additionally, because of the reaction 10B + n → 7Li + He (gas) under the heavy 
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irradiation condition, 10B can no longer guarantee the stability of the MgB2 superconducting 
magnet. 10B isotope is transformed to 7Li and He by the neutron irradiation, while 11B isotope is 
stable against the neutron irradiation without nuclear transformation and can reduce nuclear 
heating from 2.58 to 0.13 W/cm3 [22]. 
By replacing 10B with the isotope 11B, Mg11B2 superconducting wires will be much more stable in 
a neutron irradiation environment due to the smaller neutron capture cross-section of 11B [23]. 
Considering the abundant reserves of 11B on Earth (20 wt % for 10B, 80 wt % for 11B), the 
anticipated cost for extracting the isotope from natural boron is expected to be reduced during the 
chemical synthesis. Mg11B2 would be a promising candidate material as a lower field poloidal field 
and correction coil superconducting magnets in a fusion reactor (Fig. 5.1). In view of this, glycine-
doped MgB2 bulks are prepared from natural B (written as 10.8B) and 11B in this study to improve 
the critical current density at high field region. 
 
5.2. Experimental Details 
 
Amorphous 10.8B (93%–94% purity, 0.6–0.7 μm in size) or 11B powder (amorphous, 99.2% in 
purity, about 5 μm in size, from Pavezyum Kimya, Istanbul, Turkey), Mg powder (99.5% purity, 
100 μm in size), and glycine powder (99% purity) were mixed in the ratio of MgB2 + 3 wt % Gly. 
After ground thoroughly in an agate mortar, the mixture was pressed into cylindrical pellets (5 mm 
diameter and 1.5 mm thickness) under a pressure of 5 MPa. The obtained pellets were then 
sintered in the differential thermal analysis apparatus (DSC 404C, Netzsch, Boston, MA, USA) at 
800 °C for 0.5 h with a heating rate of 10 °C·min−1 and a cooling rate of 40 °C·min−1. The whole 
process was accomplished under the protection of flowing high-purity Ar gas. The 
superconducting properties were measured on a superconducting quantum interference device 
(SQUID–VSM, Quantum Design, San Diego, CA, USA) after the sample was cut into a slab (4 × 
2 × 1 mm3). The corresponding Jc values were calculated from the width of magnetization 
hysteresis loops based on the Bean model Jc = 20ΔM/[a/(1 − a/3b)] [24], where M is the volume 
magnetization, ΔM is the difference in volume magnetization between the arms of the M–H loop, 
and a and b are the sample dimensions (a < b).  
 
5.3. Results and Discussion 
 
Analogous to the un-doped and the Gly-doped Mg10.8B2, the Gly-doped Mg11B2 is composed of 
MgB2 as the main phase and MgO as the only impurity phase (Figure 5-2). Generally, doping 
from carbon sources results in the substitution of carbon for boron in the MgB2 lattice. Substituted 
carbon atoms normally donate their additional valence electrons (compared to boron) to the σ 
conduction band, resulting in decreased carrier concentration by filling the holes and decreasing 
the superconducting gaps. 
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Figure 5-2. X–ray diffraction patterns for the un-doped Mg10.8B2, the Gly-doped Mg10.8B2, and the 
Gly-doped Mg11B2 samples. 
 
This will reduce the number of holes at the top of the σ bands together with a reduction of the 
electronic density of states [25], and consequently the transition temperature Tc was supposed to 
decrease. Previous studies have stated that the MgB2 samples showed a strong boron isotope effect, 
as the Tc for Mg11B2 decreased almost 1 K in contrast with the Mg10B2 sample [18,19]. However, 
the Tc for the Gly-doped Mg11B2 sample remained at the same level as the doped Mg10.8B2 sample 
shown in Figure 5-3. 
 
 
 
Figure 5-3. Temperature dependence of normalized magnetization for the Gly-doped Mg10.8B2 and 
the Gly-doped Mg11B2 samples. 
 
From the viewpoint of the isotope effect, the increase of the phonon frequency is conductive to 
improve Tc, and the approach of the phonon and coulomb energies will lead to a decrease of Tc. As 
summarized by Knigavko [26], the Tc would remain stable when the two effects reached a balance 
in the Gly-doped Mg11B2 sample. The replaced carbon atoms likely originated from the reaction of 
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Mg and the decomposition product of glycine, 2Mg + CO2 → C + 2MgO, with the impurity phase 
MgO generated. Contrary to the common position that the dielectric MgO occupied in most 
doping systems, i.e., at the grain boundary [27], the MgO particles in the Gly-doped Mg11B2 
sample might be embedded within the MgB2 grains in the nano-scale dimension. Besides, element 
mappings for Mg and O on an area with holes are shown in Figure 5-4(a)–(c). Combined with the 
distribution of Mg element, the MgO phase was believed to be dispersed homogeneously on the 
matrix rather than gathered in the hole, which implied good MgB2 grain connectivity. A 
thermodynamic calculation has demonstrated that the MgO phase was formed prior to MgB2, and 
the study on undoped Mg11B2 suggested that the 11B accelerated the Mg-B solid-solid reaction 
below 650 °C [28]. Hence, the MgO particles were mostly included in the growing MgB2 grains 
instead of aggregating at the boundary. The size and distribution of MgO allowed them to become 
effective pinning centers, and as a result, the Gly-doped sample had a significantly improved Jc 
performance at least twice larger than those of pure MgB2 over the entire field at 20 K. The 
measured Jc -H characteristics of the un-doped and the Gly-doped samples at 20 K are illustrated 
in Figure 4d. A further improvement in Jc was observed in the Gly-doped Mg11B2 sample, even at 
the low field. The enhanced Jc should be attributed to the use of high-purity 11B powder as well, in 
view that Gly-doped sample prepared from high-purity boron shows two times higher Jc than that 
from low-purity boron powder [29]. 
 
 
 
Figure 5-4. (a) Scanning electron microscopy (SEM) image; (b,c) corresponding element 
mappings of O and Mg for the Gly-doped Mg11B2 sample; and (d) Measured Jc-H characteristics 
at 20 K for the un-doped Mg10.8B2, the Gly-doped Mg10.8B2, and the Gly-doped Mg11B2 samples. 
 
5.4. Conclusions 
 
A glycine-doped Mg11B2 sample with layered grains was synthesized from isotopic 11B powder. 
The glycine-doped Mg11B2 gives comparable critical current density and could be used for fusion 
reactors because of endurance against neutron irradiation. The results obtained in this work could 
guide the fabrication of Mg11B2 wires to be used as magnet coils in fusion reactor systems such as 
ITER-type tokamak magnets. 
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Chapter 6  
Improvement in the Transport Jc and Microstructure of the 
Isotopic Mg11B2 Monofilament Wires by Optimizing Sintering 
Temperature  
 
6.1. Introduction 
 
Fusion power is one of the most promising candidate energy sources that may solve global energy 
problems, considering its safer and greener merits compared with the conventional mineral energy 
sources. In the world-class International Thermonuclear Experimental Reactor (ITER) fusion 
energy project, the superconducting magnet system serves as a key determinant. A high and steady 
magnetic field needs to be produced to confine the deuterium (D)–tritium (T) burning plasma 
inside the ITER tokamak nuclear fusion reactor. According to the previous ITER plan, hundreds 
of tons of superconducting magnets made from NbTi and Nb3Sn will be fabricated to assemble 18 
Nb3Sn toroidal field (TF) coils, a 6-module Nb3Sn central solenoid (CS) coil, 6 Nb-Ti poloidal 
field (PF) coils, and 9 pairs of Nb-Ti correction coils (CC) [1, 2]. There is one major drawback, 
however, for the application of Nb-based superconductors in this project. After irradiation, 93Nb 
will be transformed into the long-lived nuclide 94Nb with a half-life of about 20,000 years [3, 4]. 
Hence, before irradiated Nb-based alloys are safe to be recycled, tens of thousands of years are 
required for them to “cool down”, and meanwhile, thicker shielding is necessary for long-term 
operation. For the convenience of radioactive waste treatment and environmental protection, the 
radioactivation properties of superconducting components within the fusion reactor should be 
taken into account. Compared with conventional Nb-based superconductors, MgB2 features “low 
activation” and a much shorter decay time. Within 1 year, the dose rate of MgB2 materials will be 
reduced to the hands-on maintenance level, which is considered as desirable for a fusion reactor 
magnet system [3]. Additionally, because of the reaction 10B + n → 7Li + He (gas) under the 
heavy irradiation condition, 10B can no longer guarantee the stability of the MgB2 superconducting 
magnet. By replacing 10B with the isotope 11B, Mg11B2 superconducting wires will be much more 
stable in a neutron irradiation environment due to the smaller neutron capture cross-section of 11B 
[5]. Considering the abundant reserves of 11B on Earth (20 wt% for 10B, 80 wt% for 11B), the 
anticipated cost for extracting the isotope from natural boron is expected to be decreased during 
the chemical synthesis. 
The superconductivity of MgB2 was discovered in 2001 [6]. It is well-known for its simple binary 
chemical composition and much higher critical transition temperature (Tc) of 39 K than that of 
NbTi at 9.3 K. In order to operate Nb-based low-temperature superconductors, the core of the 
magnet needs to be cooled down to 4 K. The only eligible cryogen is liquid helium, which is 
extremely expensive, not always available on hand, and very difficult to handle. In the case of 
MgB2, a working temperature as high as 20 K is low enough to achieve acceptable performance. 
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Remarkably, the operating cost is expected to be cut by over 50% by substituting cryocooler-
cooled MgB2 materials for liquid-helium-cooled Nb-based superconductors. Furthermore, the 
fabrication cost of MgB2 superconducting wire itself ($2.64/kA∙m) is less than 1/3 of that of 
Nb3Sn wire ($9/kA∙m). Therefore, due to the advantages of cost-effectiveness, lower 
radioactivation, and the shorter decay time of isotopic Mg11B2, fundamental research on Mg11B2 
superconducting wires will be valuable for improving the efficiency of practical application in 
high-irradiation environments such as fusion reactors. 
Mg11B2 wires using isotopically pure 11B powder always show lower critical current density (Jc) 
values, however, than the wires fabricated with natural boron powder. According to previous work 
[7, 8], this lower Jc is a result of the increased amount of non-reactive precursor, which decreases 
the superconducting fraction. On the other hand, inter-grain connectivity is considered another 
crucial factor in the current-carrying capability of Mg11B2 superconducting wires [9–11]. In this 
work, with the aim of further improving Jc in Mg11B2 wires, the evolution of the microstructure 
and superconducting performance in Mg11B2 wires sintered at different temperatures was 
investigated in detail. The influence of both the superconducting fraction and the inter-grain 
connectivity on the Jc performance is discussed. We optimized the temperature of the heat-
treatment at which the best transport performance can be obtained. Surprisingly, in the case of 
Mg11B2 wire sintered at high temperature, the transport Jc vanished, although magnetic Jc was still 
detected. According to detailed microstructure observations, this could be ascribed to the 
formation of a unique microstructure that was only obtained in the sample sintered at excessively 
high temperature. This kind of microstructure leads to significant deterioration in inter-grain 
connectivity and ultimately, poor transport current performance. 
 
6.2. Experimental Details 
 
The standard in-situ powder-in-tube (PIT) procedure was applied to all the samples. The starting 
materials for the Mg11B2 wire consisted of 11B amorphous powder (from Pavezyum Kimya, 
Turkey, Moissan method [12], 95.5%) and magnesium powder (100–200 mesh, 99%). The 
isotopic purity and particle size with respect to the 11B enriched boron powder was > 99.5% and 
840 nm, respectively. After mixing the precursor powders, the mixture was tightly packed into 
Nb/Monel tubes with 10 mm outer diameter and 6 mm inner diameter. The composite wire was 
swaged and drawn to a final outer diameter of 1.08 mm. Then, the fabricated Mg11B2 wires were 
sintered at different temperatures ranging from 700 °C, 750 °C, 770 °C, and 800 °C for 60 min 
(ramp rate: 5 °C/min) under high purity flowing argon gas. Finally, the samples were furnace-
cooled to room temperature. The transport critical current (Ic) measurements were carried out by 
using an American Magnetics superconducting magnet with DC current (with the upper limit of 
the current source 200 A) under possible magnetic field up to 15 T, with the standard four-probe 
method and the criterion of 1 μ V/cm. The critical current density Jc was calculated by dividing Ic 
by the cross-section of the Mg11B2 core, which was examined with an optical microscope (Leica 
M205A). Scanning electron microscopy (SEM, JEOL JSM-6490LV & JEOL JSM-7500) was 
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employed to observe the microstructure under different magnifications. X-ray diffraction (XRD) 
θ–2θ scans (GBC-MMA) were used to identify the phase composition. Measurements of electrical 
resistivity and magnetic moment were conducted in a 9 T Physical Properties Measurement 
System (PPMS, Quantum Design). In case of XRD, SEM, and PPMS measurements, the outer 
sheaths of the Mg11B2/Nb/Monel wires were removed for better data accuracy.  
 
6.3. Results and Discussion 
 
Typical transport Jc - B performances of all four wires sintered at different temperatures are shown 
in Figure 6-1. For reference purposes, transport Jc data of for the multi-filament Mg11B2/Ta/Cu 
wire reported by Hishinuma [7] is also plotted in the figure. It should be noted that our best 
monofilament Mg11B2 wire shows comparable transport Jc performance to the multifilament wire 
fabricated by the National Institute for Fusion Science (NIFS) [7]. This result is considered as a 
big breakthrough, and it strongly supports the feasibility of replacing commercial NbTi by high-
performance Mg11B2 wires in highly radioactive fusion reactors. In our Mg11B2 wires, 750 °C is 
the optimized temperature for heat treatment. The corresponding wire possesses a Jc value near 2 
× 104 A/cm2 at 4.2 K and 5 T. Slight Jc degradation is observed in the wire treated at temperatures 
deviating from 750 °C. Surprisingly, no transport current was detected in the wire treated at 
800 °C. For verification, five attempts at measurement were carried out on three batches of wires 
produced under the same sintering conditions. Ultimately, none of them gave detectable transport 
current data. It is speculated that some unexpected qualitative change inside the wire might occur 
once the heating temperature reaches a certain level. This should probably be attributed to a 
unique property of the 11B starting powder. It is believed that investigations of the phase 
composition, microstructure, and inter-grain connectivity will give an explanation for this 
abnormal phenomenon. 
 
 
 
Figure 6-1. Transport Jc - B performance at 4.2 K of Mg11B2 wires using amorphous 11B isotope as 
the boron source. Results from NIFS are also plotted for reference. No transport Ic was detected in 
the wire treated at 800 °C. 
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Figure 6-2. (a) XRD θ–2θ patterns of all Mg11B2 wires sintered at different temperatures. The 
numbered labels (hkl) represent Mg11B2 reflections. The pound sign (hashtag) stands for unreacted 
Mg. A small amount of B-rich phase (with its peak marked by the plus sign) is detected only in 
samples sintered at 700 °C. (b) Mass fractions, obtained from Rietveld refinement, of Mg11B2 and 
Mg as functions of the different sintering temperatures. 
 
To confirm the phase composition, Mg11B2 cores were removed from their outer sheaths and 
finely ground as XRD specimens. In Figure 6-2(a), the main peaks indexed as Mg11B2 can be 
observed in all spectra, indicating that the temperature is high enough to permit the formation of 
Mg11B2 phase. Very little oxidation was detected, according to the negligible MgO peak. Un-
reacted Mg and 11B-rich phase are found in the wire sintered at relatively low temperature. 
Apparently, it is very hard for Mg to completely diffuse into boron particles, if the sintering 
temperature is not high enough. A diminishing gradient of Mg concentration exists along the 
radial direction of the boron particle. As a result, Mg11B2 phase can only be formed on the outer 
layers of boron particles. The rest of the Mg will either stay in the elemental state (un-reacted Mg) 
or participate in other secondary reactions. Hence, 11B-rich phase is prone to form in this case, 
which can be deduced from the Mg-B phase diagram [13]. The presence of those impurities (un-
reacted Mg and 11B-rich phase) will reduce the fraction of superconducting phase, which is crucial 
for the final performance of superconductors. It has to be pointed out that the chemical activity of 
11B is lower in comparison with natural B due to the isotope kinetic effect [14]. This might explain 
why 700 °C is not high enough for the complete reaction in this work. Figure 6-2(b) shows the 
mass fractions of Mg11B2 phase in the wires as a function of sintering temperature. The mass 
fractions were calculated by using Rietveld refinement. The smallest Mg11B2 fraction, as low as 
84.7%, is found in the wire treated at 700 °C. This is mainly due to the presence of impurities, as 
reflected by the XRD results. Furthermore, the degradation in transport Jc performance also 
confirms its relatively poor superconductivity (see Figure 6-1). With increasing sintering 
temperature, un-reacted Mg peaks become smaller and almost disappear. Correspondingly, the 
mass fractions of Mg11B2 phase in the rest of the wires all remain at a high level (> 90%). Since 
80 
 
the crystallization of Mg11B2 phase is confirmed to be good in the Mg11B2 wire sintered at 800 °C, 
while its mass fraction of superconducting phase is also satisfactory, the observed abrupt 
disappearance of transport current in the wire sintered at 800 °C is related to neither the phase 
composition nor a low superconducting fraction. 
 
 
 
Figure 6-3. (a) Temperature dependence of the ZFC and FC dc magnetization measured in a field 
of 100 Oe. (b) Field dependence of the magnetic Jc at 5.0 K on the logarithmic scale (with the 
inset showing an enlargement of the Jc (H) at low fields) for all samples. 
 
Figure 6-3(a) shows the zero-field-cooled (ZFC) and field-cooled (FC) demagnetization results as 
functions of the sintering temperature for all four samples. H = 100 Oe was applied in this 
measurement. A clear normal-superconducting transition was observed in all samples, including 
the wire sintered at 800 °C, which did not show any current value in the transport measurements. 
The magnetic Jc (H) of the samples was estimated at 5 K based on the magnetization hysteresis 
loops and the Bean critical state model. Generally, the formula for a rectangular shaped sample is: 
Jc = 20(Δ M/V)/[a(1− a/3b)], where Δ M = [M(+) − M(−)] is the difference between the upper and 
lower branches of the M(H) loop, V is the volume, and a and b (a < b) are the length and width of 
the cross-section which is perpendicular to the direction of the applied magnetic field [15]. In our 
case, the Mg11B2 cores are cylindrical in shape. So, the formula can be simplified to Jc = 30(Δ 
M/V)/d, where d is the diameter of the circular cross-sectional area [16, 17]. According to the 
calculations, the magnetic Jc (H) results at 5.0 K are shown in Figure 6-3(b). The wire sintered at 
750 °C shows the best magnetic Jc (H) performance throughout the entire range of fields, which is 
consistent with the transport Jc results shown in Figure 6-1. Some differences can be found 
between the values of magnetic Jc and transport Jc. Other than measurement deviation, the 
intrinsic distinction between the magnetic Jc signal and the transport Jc signal also needs to be 
taken into consideration. Generally, due to the existence of negative structures such as porosity 
and cracks, not all the MgB2 in a sample is capable of passing transport current. Inter- or intra-
grain connectivity should always be considered when dealing with transport performance. On the 
contrary, as long as they possess superconductivity, all the MgB2 fragments will contribute to the 
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magnetic Jc. It should be noted that the magnetic Jc was detected and showed good performance in 
the wire sintered at 800 °C. This means that the Mg11B2 superconducting phase in the wire was not 
badly damaged by the high sintering temperature. Hence, after ruling out the effects of inferior 
superconducting phase, it can be speculated that the transport current in the wire sintered at 800 °C 
disappeared as a result of a problem with inter-grain connectivity. A high sintering temperature 
might introduce some defects and significantly destroy the connection between Mg11B2 
superconducting grains.  
 
 
 
Figure 6-4. SEM micrographs of cross-sections of Mg11B2 wires sintered at (a) 700 °C, (b) 750 °C, 
and (c) 800 °C. Evolution of the surface morphology is clearly shown. Black arrows indicate big 
cracks. (d) SEM image of the wire sintered at 800 °C under higher magnification. White arrows 
indicate porous structure in the sample sintered at 800 °C. 
 
It is estimated that the vanishing of transport current in the Mg11B2 wire is caused by the severe 
deterioration of inter-grain connectivity, which can be visually confirmed by SEM micrographs. 
The low-magnification SEM images of the cross-sections of Mg11B2 wires sintered at 700 °C, 
750 °C and 800 °C are presented in Figure 6-4(a–c). Obvious evolution of the surface morphology 
is exhibited with increasing temperature. In the wire treated at 700 °C, it was already proved by 
the XRD results that the Mg had partially reacted with the boron. As the particle size of the Mg 
powder is much bigger than for the boron powder, un-reacted Mg melted and smoothly covered 
the Mg11B2 grains. Therefore, the morphology of this sample was fairly plain and incompact. A 
dense surface is observed in Figure 6-4(b) on the optimal sample sintered at 750 °C, indicating 
complete reaction and good inter-grain connectivity. This is consistent with the Jc - B and XRD 
results discussed above. Once the sintering temperature reached 800 °C, big cracks (marked by 
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black arrows) were observed, as shown in Figure 6-4(c). They are much bigger than the normal 
microcracks in other samples. Note that most of the big cracks are connected with each other. This 
feature is considered to be highly detrimental to the inter-grain connectivity. The resultant 
superconducting fragments are isolated from each other, and eventually, very little current can 
pass through the entire wire, which will significantly reduce the transport performance. On further 
increasing the magnification, porous structure is found in the same sample (marked by white 
arrows in Figure 6-4(d)). When the wire was heat-treated at 800 °C, both the grain size and the 
mobility of the Mg11B2 grains were increased. The separate grains are prone to aggregate with 
each other, leaving plenty of voids in the morphology. Consequently, the effective current 
capacity is sharply reduced with the emergence of the porous structure. This is considered to be 
another barrier to obtaining high transport current in Mg11B2 wires.  
 
 
 
Figure 6-5. High-resolution SEM micrographs of longitudinal sections of Mg11B2 wires sintered at 
(a) 700 °C, (b) 750 °C, (c) 770 °C, and (d) 800 °C. The shapes of grains can be easily 
distinguished. The yellow arrows in (d) indicate clusters composed of multiple Mg11B2 grains. 
 
In addition, this kind of microstructure with abundant voids can be more brittle and thus be more 
prone to fracture and form big microcracks (see Figure 6-4(c)) resulting from heat stress during 
the furnace-cooling process from high temperature to room temperature. High-resolution SEM 
was employed to investigate the details of the crystalline structure in the four Mg11B2, wires, and 
the results are presented in Figure 6-5. In the sample with the lowest sintering temperature, the 
crystalline grains have a wide range of sizes, and all of them are dispersed in a melted matrix, as 
shown in Figure 6-5(a). Referring to the XRD results above, the melted matrix is un-reacted Mg, 
which cannot be fully reacted with B at a relatively low temperature. This is strong evidence for 
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the smaller mass fraction of Mg11B2 phase and lower transport performance in this sample. In the 
wires sintered at higher temperature, the amount of un-reacted Mg is greatly reduced, and the 
Mg11B2 crystalline grains keep growing and form typical hexagonal shapes, which can be 
observed in Figure 6-5(b,c). Figure 6-5(d) shows the morphology of the wire sintered at 800 °C, in 
which some grains abnormally grow, and abundant big clusters are found. These clusters are 
formed by the localized aggregation of Mg11B2 grains at the relatively high heat-treatment 
temperature. This phenomenon further increases the porosity on the macroscale and significantly 
reduces the effective superconducting fraction for transporting current. As a result, the inter-grain 
connectivity is badly degraded. Combining these results with the low-magnification SEM images, 
it is thus concluded that the vanishing of transport current in the Mg11B2 sintered at high 
temperature should be attributed to the depression of inter-grain connectivity in the wire that is 
caused by the big microcracks and high porosity. 
 
6.4. Conclusions 
 
The effects of sintering temperature on the superconducting performance and morphology of 
Mg11B2 monofilament wires made from isotopically pure boron powder were investigated in this 
work. It was found that increasing the sintering temperature led to the evolution of microstructure 
and characteristic changes in the transport current capacity. Un-reacted Mg and B-rich phase 
existed in the wire sintered at low temperature. The Mg11B2 fraction, as well as the transport 
performance, was reduced because of the un-reacted Mg and B-rich phase impurities. With 
increasing sintering temperature, better phase composition and crystallinity were obtained. The 
best transport Jc = 2 × 104 A/cm2 was reached at 4.2 K and 5 T in the Mg11B2 wire sintered at 
750 °C. It should be noted that although high magnetic Jc was detected in the wire sintered at 
800 °C, the transport current was totally absent. The evolution of the morphology could be clearly 
seen in the wires corresponding to different sintering temperatures. Due to the abnormal growth 
and high mobility of Mg11B2 grains at relatively high ambient temperature, numerous big 
microcracks, voids, and Mg11B2 clusters formed in the wire sintered at 800 °C. As a result, the 
inter-grain connectivity was significantly suppressed, resulting in the inferior transport 
performance. The results obtained in our work can be a constructive guide for fabricating Mg11B2 
wires to be used as magnet coils in fusion reactor systems such as ITER-type tokamak magnets. 
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Chapter 7  
Evaluation of residual stress and texture in isotope based Mg11B2 
superconductor using neutron diffraction 
 
7.1. Introduction 
 
While the current workhorse superconductors for the International Thermonuclear Experimental 
Reactor (ITER) are low-temperature NbTi and Nb3Sn superconductors [1-3], MgB2 shows 
electromagnetic performance superior to that of NbTi: it has lower induced radioactivity [4, 5], 
higher efficiency of the cryogenic reactor system [6-8], and a much higher transition temperature 
(Tc) [9-10]. Furthermore, the field performance, in terms of its transport critical current density (Jc) 
and upper critical field (Bc2), is close to that of NbTi superconductor [11-13]. Thus, MgB2 is 
possibly a viable candidate to replace NbTi superconductors in the poloidal field (PF) coils and 
correction coils (CC) for the next-generation fusion reactors. Based on the analysis reported by 
Devred et al. and Hossain et al. of the conductor development and performance criteria for the 
ITER project, the critical current capacity of MgB2 cables clearly fulfils the requirements for use 
in the PF and CC magnets, even at 20 K, in the ITER fusion reactor [13, 14]. The use of 
conduction-cooled low-cost MgB2 at 20 K in PF and CC magnets to replace NbTi will make the 
next generation fusion reactor much more cost effective. MgB2 wire filament is brittle after the 
heat treatment, and given the strain limit criterion of 0.2% for the magnet design, the maximum 
strain limit is well below 0.2% to provide a factor of two safety margin [15]. Despite the prospects 
for the use of MgB2 as a fusion reactor superconducting material, many technological issues need 
to be resolved, and the current work aims to report the progress in this direction. 
The critical point in reactor application is the use of boron-11 isotope enriched powder for the 
fabrication of the MgB2 superconductor. Natural boron has 19.78 wt% boron-10 (10B) and 80.22 
wt% boron-11 (11B) [16-18]. 10B is well known as a neutron absorption material with a large 
nuclear reaction cross-section, leading to transformation into 7Li and He via the (n, α) reaction 
[19-21]. In contrast, 11B is stable in the presence of neutron irradiation without an (n, α) reaction 
and can reduce nuclear heating [22, 23]. Therefore, 11B isotope based Mg11B2 superconductor is 
the most desirable, if not absolutely necessary, material for Tokamak type magnets in fusion 
reactors. 
In recent ITER superconducting cable performance tests, damage to the superconducting filaments 
has been recognised as a significant issue [24]. It was demonstrated that the superconducting 
filaments in the cables are easily damaged when exposed to temperature and electromagnetic 
cycling, simulating ITER operational regimes, and that this microscale damage has a detrimental 
effect on superconducting properties. The root cause of the microscale damage is associated with 
electromagnetic (Lorentz) forces as well as thermally generated stresses due to cooling to 
cryogenic temperatures and residual stresses generated during the production process [25-28]. 
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Therefore, it is essential to assess and, if possible, to control the stress and strain state of the 
filaments, both when it originates from the manufacturing process and when it occurs due to the 
operating conditions. This knowledge can be used to predict and, ideally, eliminate possible 
damage to the superconducting filaments. In this respect, the residual stress is not only a partial 
cause of the damage, but also a quantity that can be studied to assess the degree of microscale 
damage. In case of development of microscale damage, the residual stresses become relaxed to a 
certain degree, and this effect can be studied experimentally. 
Knowledge of the residual stresses is also important for understanding the effects of applied 
stress/strain on the superconducting properties, i.e. the critical current (Ic), which have been 
experimentally observed multiple times in MgB2 superconducting systems (Kitaguchi 2001, 2005; 
Katagiri 2005; Nishijima 2012) [29-32]. The residual stresses were measured successfully on 
several occasions for Nb3Sn using neutron diffraction [33, 34], and this technique proved to be the 
most suitable for the powder-in-tube system due to its ability to penetrate through the sheath 
material. There are no published results on measurements of the residual stress in MgB2 wires, 
however, presumably due to the fact that manufacturing 11B isotope based Mg11B2 wires is a 
prerequisite for such neutron measurements. Nevertheless, it is conceptually clear that, depending 
on the sign and magnitude of the residual stress, the combined effect of the residual and applied 
stress/strain can be different. 
From this point of view, understanding the stress/strain behaviour of the Mg11B2 wires and coils 
for the magnet system of a fusion reactor is a critical issue in terms of current-carrying capability. 
Direct stress/strain measurements on the Mg11B2 filaments in the wire are difficult, because the 
Mg11B2 filamentary region, for practical use, is covered with a Monel (Ni-Cu alloy) sheath and Nb 
barrier. A high penetration depth of radiation, such as in the form of neutrons or high-energy 
synchrotron X-rays, is required to measure residual stress and texture on the superconducting wire 
[35]. 
In this report, we used neutron diffraction for a full quantitative residual stress analysis of the 
constituents in 11B isotope based Mg11B2 wires (Mg11B2), in correlation with the fabrication 
conditions and the transport critical current density (Jc), for the first time. This assessment is the 
first step on the way to optimising the properties and manufacturing conditions for Mg11B2 
superconductor intended for magnets in fusion reactors, with the possibility of mitigating 
unwanted stress and strain inside the wire filaments. 
 
7.2. Experimental Details 
 
The wire samples were prepared by using the conventional in-situ powder-in-tube (PIT) method. 
The 11B low crystalline powder (from Pavezyum Kimya, Turkey), which consists of amorphous 
and crystalline components, was sintered by the Moissan method [36] with 840 nm particle size 
and isotopic purity of 99.25 ± 0.01% of 11B. Magnesium powder (100-200 mesh, 99% purity), a 
niobium barrier, and a Monel (Ni-Cu alloy) sheath tube were also used for the production of the 
Mg11B2 wire. This particular 11B powder was chosen from a selection of several candidates on the 
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basis of precursor powder and wire product characterisation (e.g. the isotopic purity reported 
above was determined by means of neutron transmission experiments and accelerator mass-
spectrometry), and a study giving the details will be published separately elsewhere. The tube was 
swaged and drawn to an outer diameter of 1.08 mm, and then the wires were subjected to heat 
treatment at 700°C, 750°C, and 800°C for 1 hour (ramp rate of 5°C/min) under a high purity argon 
gas atmosphere. Scanning electron microscopy (SEM, JEOL JSM-6490LV) and X-ray diffraction 
(XRD, GBC-MMA) were employed to observe the microstructure and the phase composition 
using sectioned wires. The core, Mg11B2 based ceramic, was extracted from the Nb-Monel sheath 
for the X-ray diffraction. The volume fractions of 11B-rich phase, Mg, and MgO for Mg11B2 were 
obtained using the MAUD program based on the X-ray diffraction [37]. 
For neutron experiments, the individual Mg11B2 wires were cut into pieces ~5mm in length and 
bunched together to form bulk samples with approximate dimensions of 5×5×5 mm3. 
Measurements of residual stress were performed on the niobium, Mg11B2, and Monel phases. The 
measurements of residual stress on the Mg11B2 wires were carried out using the KOWARI neutron 
diffractometer [38] at the Open Pool Australian Lightwater (OPAL) research reactor at the 
Australian Nuclear Science and Technology Organization (ANSTO). The Mg11B2 phase was 
measured in a 90° geometry using the wavelength λ = 1.5 Å for the Mg11B2 (211) reflection and 
gauge volume size of 4×4×4 mm3. Two principal directions, transverse and axial, were measured 
with constant rotation of the samples around their axis for better averaging.  
A specially prepared pure Mg11B2 cylindrical pellet sample (5 mm diameter, 3 mm height) was 
used to determine the unstressed lattice spacing, d0. For the production of this pellet, a high 
temperature (HT) 800°C thermal regime was used to produce a uniform (no Monel sheath, no Nb 
barrier) and high purity sample to ensure the absence of macro- and microstresses. 
The stress (σ) was calculated for the measured transverse and axial strains, εt = (dt - d0)/d0 and εa = 
(da -d0)/d0, respectively, of the Mg11B2 (211) reflections in the corresponding directions using the 
(hkl)-dependent Young’s modulus (E) and Poisson’s ratio (ν) calculated from the single crystal 
elastic constants in the isotropic approximation, E (211) = 316.2 GPa, and ν (211) = 0.17. The two 
principal stress components, transverse and axial, were computed accordingly to the following 
relationship 𝜎𝜎𝑎𝑎,𝑡𝑡 =
𝐸𝐸
1+𝜈𝜈
�𝜀𝜀𝑎𝑎,𝑡𝑡 +
𝜈𝜈
1−2𝜈𝜈
(𝜀𝜀𝑎𝑎 + 2𝜀𝜀𝑡𝑡)� adapted for the case of the cylindrical symmetry 
stress state from the general Hooke’s law [39, 40]. 
To further study aspects of the anisotropic stress state, neutron texture measurements were 
performed on the wires, including three phases, Mg11B2, Monel sheath, and Nb barrier (only for 
the sample sintered at 700°C, since the other samples were essentially identical). Several 
representative pole figures were collected to judge the crystallographic isotropy/anisotropy using 
the same KOWARI diffractometer. We consider that the effect of crystallographic texture [41], 
which requires experimental determination, is three fold. First, it determines the anisotropy of the 
elastic and thermal properties (e.g. Young’s modulus and the coefficient of thermal expansion), 
which is important for proper stress calculation procedures, as well as for stress evaluation if a 
finite element method (FEM) simulation is to be done. Second, if some crystallographic preferred 
orientation is found, it can shed light on the mechanism of MgB2 phase formation and growth in 
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the sintering process. Third, for the polycrystalline layered superconductors, e.g. yttrium barium 
copper oxide (YBCO), with extremely high anisotropy of the critical current, the effect of texture 
is so high that the current can be practically destroyed due to unfavourable crystallographic 
alignment of the grains [42]. Although the single crystal anisotropy of MgB2 is much less 
pronounced, control of the degree of preferred orientation is required.  
 
7.3. Results and Discussion 
 
The crystallographic anisotropy was quantified by neutron texture analysis, and the results are 
shown in Figure 7-1 as a set of representative pole figures for the three materials used in the wire, 
Monel, Nb, and Mg11B2 [41].  
 
 
 
Figure 7-1. Pole figures of the phases in the Mg11B2 wire heat-treated at 700°C. 
 
While there is strong anisotropy in the Monel-Nb sheath due to tensile plastic deformation during 
the swaging process, the crystal orientation of Mg11B2 has a random distribution (with only 
statistical oscillations visible in the pole figures of Mg11B2, while there is no pattern with 
preferred orientation). Thus Mg11B2 phase is crystallographically isotropic (with no preferred 
crystal orientation), and therefore, the elastic properties, which are important for the stress analysis 
of the system, have no anisotropy related to the crystalline preferred orientation. This does not 
eliminate the possibility of elastic anisotropy due to other micromechanical factors, however, e.g. 
microcracking determined, for example, by the deformation process. The results of the texture 
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analysis are to be used for macrostress calculations in the elastically anisotropic model of the 
sheath material and its interaction with the Mg11B2 interior, which is isotropic. The 
experimentally determined isotropy of the Mg11B2 interior is used here for model microstress 
calculations within the isotropic approximation. This trend is also observed in other samples and is 
the strong anisotropy of Monel and Nb due to plastic deformation while random distribution of 
Mg11B2 with isotropic phase. 
Figure 7-2(a) shows that the cross-sectional microstructure of the wire consists of 49 vol.% Monel, 
28 vol.% Nb, and 23 vol.% Mg11B2. Figure 7-2(b) presents the XRD patterns of the 
superconducting ceramic from the core of the Mg11B2 wires after sintering for one hour at 700°C, 
750°C, and 800°C. While the major peaks are indexed as Mg11B2 phase, unreacted Mg, MgO, and 
11B-rich phase [43, 44] are present in the samples. 
 
 
(a) 
 
 
(b) 
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Figure 7-2. (a) The cross-sectional microstructure is shown in an SEM image of the Monel, Nb, 
and Mg11B2; (b) XRD patterns of the interior material of the Mg11B2 wires (Monel and Nb barrier 
are removed) after heat-treatment at 700°C, 750°C, and 800°C; (c) The volume fractions of boron-
rich phase (Mg211B25), Mg, and MgO for Mg11B2 produced under different heat-treatment 
conditions. 
 
Figure 7-2(c) shows the volume fractions of the secondary phases as functions of the sintering 
temperature. In the wires sintered at 700°C and 750°C, there are certain amounts of retained 11B-
rich phase and Mg phase, 10-20 vol.%, sufficient to produce significant and measurable 
microstresses. Further increasing the heat-treatment to 800°C diminished the volume fraction of 
the Mg and the 11B rich phase to 0.37 % and 0.47%, respectively, resulting in the most fully 
reacted, most pure Mg11B2 superconductor. 
 
 
 
Figure 7-3. Residual stress in the Mg11B2 wires heat-treated at 700°C, 750°C, and 800°C. 
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Figure 7-3 shows the experimental results for the residual stress measurements of Mg11B2 wires in 
the transverse and the axial directions, with error bars showing the estimated uncertainty due to 
neutron counting statistics. The wires were characterised to have tensile stress of 66 ± 15 MPa 
(HT 700°C), 50 ± 15 MPa (HT 750°C), and 6 ± 15 MPa (HT 800°C) for the transverse component, 
which had a tendency to decrease with increasing heat-treatment temperature to almost negligible 
in the HT 800°C sample. The main contribution to the total stress was hydrostatic microstress 
(phase incompatibility stress) due to the interaction between the Mg11B2 matrix and the elastically 
harder unreacted 11B rich phase upon cooling down from the sintering temperature [45]. This 
experimental result was corroborated by evaluating thermally generated phase stresses using a 
micromechanical model of the isotropic particulate composite based on the Eshelby inclusion 
formalism [46, 47]. The calculations were made accordingly to the evaluated volume fractions of 
the constituents (Mg11B2 as the primary phase, plus unreacted 11B rich phase inclusions) and the 
thermal conditions for the composite formation in the Mg-B phase diagram [48]. A good 
numerical agreement with the experimental results was achieved. (Figure 7-3 combines the 
experimental and calculated results.) Thus, based on the XRD phase analysis results and the 
residual stress neutron measurements, it can be concluded that the higher heat-treatment 
temperature of 800°C is required for the full reaction of the 11B rich and Mg phases to form 
Mg11B2, which ensures a low level of residual microstress. 
In the axial direction, some compressive contribution to the total stress is present in addition to the 
hydrostatically-compressive microstress contribution discussed above, thus bringing the stress in 
the axial direction from tensile to less tensile, or even into compressive range, as in the 800°C 
heat-treated wire. This effect can be explained by the interaction between the Monel-Nb sheath 
and the Mg11B2, and is due to thermally generated macrostress. Taking account of the differences 
in the coefficient of thermal expansion (CTE) of the sheath and wire interior (Δα) and the 
temperature drop from the sintering temperature to room temperature (ΔT), the thermal strain 
mismatch Δε = ΔT·Δα determines the sign and magnitude of the macrostress in the sheath and in 
the interior of the wire. Based on the CTEs of the constituents, α(Mg11B2) = 8.3 × 10-6/K [49], 
α(Monel) = 14 × 10-6/K [50], and α(Nb) = 7.3 × 10-6/K [51], a compressive axial stress should be 
generated in Mg11B2, compensated by the tensile stress in the Monel sheath. In the wires sintered 
at 700°C and 750°C, with some amount of unreacted Mg phase and 11B rich phase, the same 
consideration is supposed to include Mg (α = 24.8×10-6/K) [52] and 11B (α = 6×10-6/K) [53] as 
well as microstructure features (e.g. possible pores and cracking). The resultant effect is highly 
sensitive to the conditions on the contact between the Monel tube and the Mg11B2 composite 
interior. Yet another explanation of this partial stress relaxation in the axial direction could be the 
presence of oriented cracks and pores arising from contraction during the sintering process and the 
pores originating from the Mg11B2 phase formation reaction in the heat-treatment procedure. 
Figure 7-4(a-d) shows the microstructure in the longitudinal direction of the Mg11B2 wires sintered 
at 700°C, 750°C, and 800°C. These secondary electron image (SEI) observations indicate that 
aggregation occurs along with the presence of some small pores and microcracks in the 700°C and 
750°C wires (Figure 7-4(a, b)), while cracking and pores are more pronounced in the wire heat-
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treated at 800°C (Figure 7-4(c, d)).  
 
 
 
Figure 7-4. Low-vacuum SEM images of longitudinal sections of Mg11B2 wires heat-treated at (a) 
700°C, (b) 750°C, and (c, d) 800°C. 
 
As the heat-treatment temperature increases, the aggregation of the Mg11B2 growth proceeds 
continuously while creating pores. As a result of the aggregation, Mg11B2 has a porous structure, 
and it can be easily damaged by thermal stress caused by the temperature drop from above 700°C 
to room temperature. 
Although the pores provide a precondition for the cracking-susceptible microstructure, the actual 
origin and mechanism of stress generation is twofold. First, due to the difference in CTE between 
the Monel/Nb sheath and the superconducting material, macrostress is generated, which in 
circumstances of porous microstructure leads to stress concentration. Second, due to the 
anisotropic thermal expansion of Mg11B2 (hexagonal crystal structure, α(a) = 5.4 × 10-6/K, α(c) = 
11.4 × 10-6/K [54]), when the grains are randomly oriented, microstresses can also be generated. 
Although the overall average volume of these stresses is zero, the localised stresses can reach very 
large values, up to ~1 GPa accordingly to our estimates. Thus, through these thermal mechanisms, 
very high magnitude and locally concentrated stress fields are generated, leading to microcrack 
formation conditions. The exact morphology, phase composition, and other details of the 
microstructure play roles in the actual stress state of the superconducting material. Thus, the more 
porous structure of the 800°C sample makes it more cracking-prone than the lower temperature 
samples (700°C and 750°C) with more homogeneous structures. Also, while in less pure samples 
(700°C and 750°C), the local stress/strain fields can be accommodated by the plastically soft 
metallic Mg phase, this mechanism is substantially suppressed in the most pure (800°C) sample, 
and thus, cracks are more easily formed in the 800°C sample. Therefore, due to these two 
mechanisms, the most significant cracks on the scale of several microns are formed in the 800°C 
sample. 
Furthermore, the brittle fracturing leads to extensive cracking in the Mg11B2 structure, as seen in 
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Figure 7-4(c, d), resulting in a harmful effect on the transport Jc properties in Mg11B2 wire [55, 56]. 
In fact, it was previously reported in our research results that the wire sintered at 800°C did not 
show a transport Jc, even though the sample was fully reacted with a high Mg11B2 superconducting 
phase fraction [57]. On the other hand, the wire sintered at 750°C has a superior transport critical 
current density, Jc = 2 × 104 A/cm2 at 4.2 K and 5 T compared with the multifilament wire 
manufactured by the National Institute for Fusion Science (NIFS) [57]. Therefore, based on the 
above discussion, the cracks and the pores have a detrimental influence on Jc through fracturing of 
the inter-grain connections, while, at the same time, these defects act as stress relief factors in the 
Mg11B2 wire sintered at 800°C. In other word, the electrical current can be reduced easily with less 
grain connectivity in the microstructure and thus the stress relief can be occurred as a result of the 
defect growth in the grain with the decreasing current carrying capacity in the superconductor. 
The superconducting transition temperature (Tc) was observed at a temperature of 36.5 K and 36.9 
K, for the samples sintered at 700°C and 800°C, respectively [57]. Compared to the reported 
results, e.g. 39.2 K in [58], the lower Tc in the present samples is most likely due to the presence 
and complex interactions of different types of MgB2 lattice defects, such as lattice strains/stresses, 
poor crystallinity, the presence of point defects and defects with higher dimensions, and issues 
with chemical purity and phase purity (e.g. the presence of small amounts of MgO) [59]. The 
exact role of each factor might be difficult to address, however due to the intertwined nature of 
these mechanisms [60].  
 
7.4. Conclusions 
 
Due to its relevance to the superconducting properties, the stress state of Mg11B2 wires sintered 
(heat-treated) at different temperatures was investigated using neutron diffraction. We found that 
the stress in Mg11B2 is due to two contributions: one is the thermally generated hydrostatic 
microstress most clearly manifested in the transverse direction; the other is the contribution of the 
thermally generated macrostress, which has a uniaxial nature due to the “wire sheath-interior" 
interaction with its effects in the axial direction and/or possibly some contribution to stress 
relaxation due to oriented microcracking. We also found that, as the sintering temperature 
increases to 800°C, it leads to the formation and growth of cracks in the superconducting ceramic 
as well as presence of some pores. These defects are, most likely, not related to the thermally 
generated stress, in so far as it is the lowest in the 800°C sintered sample, but initiated during the 
sintering process itself and most likely involving the phase transformation mechanism. The 
extended cracking negatively affects the superconducting properties in the Mg11B2 wire, to the 
point of total loss of the superconductivity, even though the Mg11B2 superconducting ceramic 
sintered at 800°C is the most pure and would be expected to have better properties because the 
high sintering temperature gives rise to stress relief in the Mg11B2 wire. In other words, the 
noticeable relaxation of the residual stresses in the axial and the transverse directions implies that 
the poor transport Jc value is caused by insufficient grain connection in the Mg11B2 wire. Overall, 
the micromechanical and structural features of the Mg11B2-based wires are essential for their 
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performance, and neutron diffraction seems to be an appropriate analytical tool for assessment of 
the residual stress state as well as the crystallographic anisotropy (texture).  
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Chapter 8  
Conclusions and Future Prospects 
 
8.1. Conclusions 
 
Up to this time, most research and work have been focused on the NbTi and Nb3Sn 
superconductors for application in the International Thermonuclear Experimental Reactor (ITER). 
Nevertheless, we still need understand and study at least the possibility that MgB2 superconductor 
can replace NbTi which has been used for the poloidal coils and the correction coils in the ITER 
fusion reactor. The final goal of this thesis was to demonstrate the possibility that MgB2 
superconducting material could be used in the range of low and moderate magnetic field of 5 ‒ 6 T 
for fusion energy applications such as an ITER-type tokamak magnet. It has been shown that the 
boron- 11 isotope (11B) powder which has the smallest particle size and the lowest crystallinity is 
the most suitable boron precursor instead of using the boron- 10 (10B) rich powder known as the 
natural boron, and it has a normal Tc value in the range of 36‒37 K. This result should be useful 
for guidance in the manufacture of the boron-11 based MgB2 superconducting wire.  
For the best Jc performance of the MgB2 superconductor, the combination of the cold high 
pressure densification (CHPD) with the hot isostatic pressure treatment (HIP) during the 
manufacturing process has been tried and demonstrated. This processing technique should be 
useful for the further practical application of industrially viable and economical MgB2 with 
outstanding Jc values. Furthermore, boron-11 rich powder was used which was doped with carbon 
in order to control the manufacturing conditions for superior superconducting properties compared 
with boron-10 rich MgB2. In this thesis work, glycine was used as a carbon precursor, and the bulk 
MgB2 superconductor had enhanced critical current density (Jc) over the entire field in contrast 
with the boron-10 rich powder based MgB2 and the high-purity boron-11 based MgB2. 
It has been first proved clearly that the monofilament of the boron-11 based MgB2 wire obtained 
the best transport critical current density (Jc) = 2 × 104 A/cm2 at 4.2 K and 5 T, which is even 
comparable to multi-filament boron-11 based MgB2 wires reported in other work involving 
control of the inter grain connections of the MgB2. It will be challenging work to devise the 
construction guidelines for manufacturing the boron-11 based MgB2 wire to be used in the fusion 
reactor in magnet coils. Finally, parallel to this result, this thesis also demonstrates the correlation 
between the fabrication conditions and the transport critical current density (Jc) of the boron- 11 
based MgB2 wire by the neutron diffraction method. That there are applied stress/strain effects is 
well known, and there are numerous research and study results, but the residual stress/strain of the 
boron-11 based MgB2 superconductor was never measured or reported before. In these results, we 
have performed the analysis of the boron- 11 based MgB2 wire by using the neutron diffraction 
method to connect the full quantitative residual stress analysis with the defect, such as cracks and 
pores, and the superconducting properties. These results will be useful guidelines for attempting 
the practical production and testing for the real implementation of a prototype of the 2nd generation 
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superconducting cable for the fusion reactor. 
 
8.2. Future Prospects 
 
It is anticipated that the outcomes of this thesis will provide a strong assessment of the mechanical 
properties, design, thermomechanical processing routes, and performance of the next-generation 
boron-11 based MgB2 (Mg11B2) superconducting cables. The study of these properties, which are 
characteristic of the formation mechanism and directly linked to the superconducting performance, 
will allow optimization of the fabrication process for the cables made of the MgB2 multifilament 
wires. This thesis work will lay down the technological foundation for the industrial production of 
the Mg11B2 based cables with excellent properties and performance for the fusion reactor 
application. Specifically, Mg11B2 can replace NbTi which has been used for poloidal and 
correction field coils in the fusion reactor manufactured by techniques achieved in the Chapter 4.  
For practical application, study of the mechanical properties and performance of the Mg11B2 
superconductors derived from various production routes and multifilament wire designs are 
needed. Indeed, the activation properties of Mg11B2 superconducting wire in an operation 
environment under heavy neutron irradiation are also extremely important for targeting fusion and 
high energy physics applications. The results will be used in local-scale practical application. A 
longer and higher critical current density Mg11B2 multi-cored cable is to replace the existing 
copper coil in the magnetized plasma device to test this superconducting coil in a plasma 
environment in order to generate stronger magnetic fields. At the next step, a potential use of the 
cables on larger-scale facilities will be assessed. 
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